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A B S T R A C T 


Ba Ti 0^ ceramics are conven tionally sintered 
at 1300 1400*^0* Lower sintering temperatures result in 

energy savings as well as enable the use of cheaper 
electrode materials than expensive Pd and Pt electrodes 
in multilayer capacitors^ Lead germanate glass has been 
used to lower the sintering temperature of Ba Ti 0^ 
ceramics. In the present work, bismuth borate glass , 

(upto 40 wt percent) is admixed with Ba Tl 0^ and sinter^ 
ing experiments carried out at temperatures between 800 
to 1200^0 for a period of lOmin to 3hrs • Density, 
microstructure, phase identification by X.ray diffraction, 
dielectri# constant and loss have been studied as a 
function of glass content and sintering conditions^ 
Reasonably dense bodies ( greater than 851^ theoretical 
density) are obtained with 10 to 20/^ glass additions by 
sintering at 1 000 «i 1 050 ® C, which can be used with 70 Agm 
30pd alloy electrodes. There is no shift of the x-ray 
diffraction lines or the Gurle temperature of Ba Ti 0^, 
indicating no solid solutions are formed with Ba Ti 0^ by 
the glass constituents , X-,ray studies revealed the formation 
of Bi^Ti^0^2 ^^<3- Ba Bi^ Ti^ latter being the 

prominent and its amount depending upon the amount of ^ass 
and sintering conditionS| Micro structure shows the glass 
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presen-t as a coating over the grains* Densif ication 
mechanisms during liquid phase sintering are discussed* 
Dielectric properties are measured with respect to 
temperature, voltage and frequency* These measurements 
show that the dielectric properties are not affected 
morkedly with glass caddition upto 20 % and exhibit 
better temperature characteristics than pure Ba Ti 0^* 


w 
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I. life BODUGT ION 

Majority of the capacitors produced today are 
made of ceramic materials. More than 95 percent of these 
ceramic materials are ferroelectric in nature. Ferroelectric 
materials have a high dielectric constant which mates them ideal 
for capacitor industry. 

A ceramic capacitor consists of a ceramic dielectric 
material, sandwiched between two parallel metal plates, which 
serve as the electrodes. The usual electrode material is silver. 
Before world war II, lifanium dioxide with a dielectric constant 
of around 100, was the favoured dielectric material. During 
the world war II, it was discovered that barium tftanate has a 
high dielectric constant (15OO-2OOO). Ihus barium titanate 
became the basic blielectric material for ceramic capacitors 
for the last 35 years. This enabled the size (volume) of the 
capacitor to be decreased correspondingly, Ihe capacitance 
of a normal parallel plate capacitor can also be increased 
either by reducing the thicloaess or by increasing the electrode 
area. Due to the brittle nature of the ceramic materials the 
capacitors with a large area and small thickness are very 
fragile and cannot be used without any mechanical support, 

Ihe drive towards miniaturization led to the development of 
i) Multilayer capacitors and ii) Internal boundary layer 
capacitors. 



I.l Mtiltilayer Gapaci'tors: 
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Sciiematic represen'ta'tion of a multilayer capacitor 
is given in Figure 1*1,. These are generally rectangular in 
shape with parallel electrodes brought out at the narrow ends • 
of the rectangle*. A margin of bare dielectric is allowed 
around the metal plate to prevent edge brakedown, . Such an 
arrangement being compact, has a high volumetric efficiency. 

The whole stacking consisting of alternate layers of dielectric 
eeramic and the electrode is sintered around 1350 ^ 0 , . which 
necessitates the use of high melting point metals like pt and J?t 
as the electrodes. 

Today multilayer capacitors with 100 active layers 
of 20 micron thickness are not imQ 0 .mmon, . Capacitance values 
of the order of microfarads are easily obtained-^. 

1,2 Internal Boundary layer ClED) Capacitorss 

Commercial capacitors are usually manufactured 
from titanate based materials of fhc perovskite (..ABX^) family, 
which are made semiconducting (n^type) by aliovalent chemical 
substituti|n, gaseous reduction, or combination thereof,. 
Res^ 0 tivity distyibuticns are developed within the micro- 
structure by boundary counter diffusion, or by sintering in 
the presence of a liquid phase which solidifies on cooling into 
an insulator^ Ideally, the former method is characterized by I 
grain to grain contact, with interfacial compensation slates, ; 
and the latter by grain to grain separation j xi/ith an insulating i 
intergranular phase* Anomalously high apparent dielectric 
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constan'ts (over 20,000) calculated for IjElj capacitors are 
generally attributed to enhanced space charge polarization 
processes talcing place between semiconducting grains and resistivf 
boundaries. 

There are certain problems to be tackled in the 
development of these capacitors (l). 

1,3 Electrode Problems: 

All multilayer capacitors discussed previously 
require pt, Au or Pd electrodes, which add substantially to . 
their cost. Today’s noble metal prices and other reasons 
make it imperative to search for techniques to replace them. 

But silver, even though a noble metal, does not belong to Au, 

Pt or Pd group because it is much cheaper. It is an ideal 
electrode material, used exclusively in discs and on the 
outside of the multilayer capacitors. Por this reason it 
could and should be used to replace the other noble metals 
wherever possible. 

The usability of a metal or an electrode material 
in monolithics is determined by two properties*, its melting 
point should be higher than the sintering tenq) erature of the 
ceramic and its metal/metal oxide equilibrium oxygen vapour 
pressure should be higher than that of the oxygen partial 
pressure during firing. Since the firing temperature of most 
ceramics is in the 1300~1400°G range, and the firing atmosphere 
is air, the only suitable candidates seem to be Pt (Mp IT^q^O) 
and Pd (MP 1552*^0) which are indeed the two most frequently 
used metals, G-old (MP 1063^0) sometimes is also used, but 
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usually as a Pd alloy, ¥111011 brings its melting point above 
the IJOO-MOO^C range. Silver has too low a melting point 
(961^0) and some of the transition metals (iTi, Go, Pe) which 
would be suitable because of their high melting temperatures 
are unsuitable because of their low oxygen e<luilibrium pressures. 
So now for the replacement of Pt, Pd and Au 
electrodes, either we have to develop ceramics which can be 
fired in an atmosphere with an oxygen partial pressure lower 
than the equilibrium pressure of one of the transition metals 
at this t en^) erature , or to lower the filing temperature of 
the ceramic below the melting temperature of Ag or one of the 
low melting Ag - Pd alloys. From the Ag-Pd phase diagrah (2) 
given in Fig. 1,2 one can see that a 70 Pd 30 Ag alloy is 
needed for a sintering tenperature of 1300^0, where as 
30 Pd 70 Ag alloy can be used if the sintering tenperature is 
reduced to 1000-1050^0, 

Another major advantage of lowering the 
sintering tenperature is to bring about energy savings during 
sintering. For example, if the sintering tenperature can be 
reduced to 1000^0 or below we can use nichrome furnaces instead 
of the expensive globar furnaces or other high temperature 
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furnaces, and also the power consumption of these temperatures 
will le nearly one third of that needed for the conventional 
firing around 1350^0. 

So the two possible solutions for the electrode 
problems are using ( i) base metal electrodes or (ii) liquid phase 
sint ering, 

1,3*1 Base metal electrodes: 

A base metal, such as nickel, has a melting point 
hi^er than the sintering tenperatures employed in capacitor 
manufacture and is much cheaper than Pd or even ig. However, 
at the sintering temperatures, Hi oxidizes to NiO and in the 
process reduces BaliO^ by conveiting a corresponding number of 
If ions to the li'^ gt.ate. The presence of Ti in two valence 
oj^tes on crystallographically equivalent sites leads to large 
electronic conductivity and the ceramic is no longer useful 
as a dielectric* The reduction of BaTiO^ can be prevented by 
doping it with Mn (3 ~ The disadvantage with these base 

metal electrodes is that they have higher resistivity values 
compared to noble metals, thus incroasing the series resistance 
and in turn dissipat ion factor of the capacitor, 

1,3*2 Liquid phase sintering; 

The use' of the noble metals like Pt and Pd can ' 
also be avoided by reducing the sintering temperature of the 
ceramic dielectric from the usual 1300-14C0°CJ to below the 
melting temperature of Ag or one of the Z.ow melting Ag-Pd alloys. 
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The sintering temperature is lowered hy the use of a transient 
liquid phase. The liquid phase should possess the following 
characteristics ( 7) 

i) it should melt at or below 800-900*^ C! 

ii) it should not react with the dielectric composition 

iii) the crystalline phase, foimed on cooling, should preferably 
have a relatively high dielectric constant, so that the 
dielectilc constant of the composite is not too greatly . , . : j 
reduc ed, 

iv) the viscosity of the liquid should be low at the sintering 
temperature so that the amount of liquid phase is kept to 
a minimum. 

Lead germanate is one such additive which can 
meet the above requirements using this* Park (8) has developed 
dielectric ceramics which can sinter at 800-900°C, The fact 
that crystalline lead germanate (Pb^ G-e^ ®11^ ferroelectric is a 
distinct advantage in retaining fairly high dielectric constant 
of the composite. 

Recently Mukherjee and Bavishankar reported the 
liquid phase sintering of BaTiO^ using lead germanate (9)« They 
observed that for liquid phase sintering of BaTiO^ with 0.6 to 
1 mole percent glass addition a minimum of 1150-1200*^0 sint ering 
temperature is needed. They also observed that above 1200°C 
there is no glass present and PbO and GeOg have diffused into 
the BaTiO^ grains. The disadvantage with this glass addition 
is that during sintering lead substitutes for Ba in BaTiO^ lattice 
and thereby reduces the room temperature dielectric constant. 
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Th.e toxic nature of lead and the iiigh cost of germanium arc 
other deterrent factors in the use of Ph^G-e^O^ as a sintering 
aid. 


Using OuO additive, Hennings studied the liquid 
phase sintering of BaliO^(lO), With the addition of 0,5 to 
1 mole percent of CuO he was able to reduce the sintering 
temperature to about 1200°C, The problem with the OuO addition 
is that if it is in excess the san^jle becomes conductive and 
thus useless, and also the sintering tenperaturo is not too 
greatly reduced. 


II, statement op the problim 


Liquid phase sintering of Barium Titanate has been 

tried to solve the electrode problems in multilayer capacitors 

Cs 10), None of these studies are completely successful in 
/*• 

reducing the cost of these capacitors by replacing the noble 

metal electrodes (pt and Pd) with Ag or low melting Ag~Pd alloys 

without sacrificing the dielectric properties of BaTiO^, So 

an alternative additive has been sought, 

a 

In the present work.»glass from the - B^O^ 

syst em (11} was used as an additive. The dielectric properties 
of some of the glasses in this system are given in Table II. 1, 
Prom there, 74 percent Bi20^, 2^ percent B^O^ glass which has 
the hipest dielectric constant and a low melting temperature 
C 700«.750°0) was chosen as the additive. Some of the properties 
of this glass were compared with lead germanate in Table II. 2. 
Prom this one con see that the melting temperature and densities 
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Table II. 1 : Dielectric properties ox Bi^O^ - glasses 

(Dielectric constant at room temperature and 
' resistivity cm) at I30OC .and 230°C) 


1 

Glass 1 

No. j 

Composition 

mnl. Tint. 

1 

} Dielectric 

* ™ , 

..... , r J. 

constant \ 

100 

10^ 

c/s 

4^fx30 t 

} c/s j 

t f i 

1 i 

f 1 

A. f . . . T 

P 

230 

(x 10^^ 

— C-Y^/V, 

1' 

i 

I 

1 

f 

BlgOj 

K °3 

! 

\ 

1 

1 . 

T 5 

} 10^ 

i c/s 

f 

f 

f 

1 10^ J 

j 1 

0/. j 

, i 

10^ j 

c/s 1 

f 

} 

* 

.--- 1 - 

1 

9,6xi 
105 i 

c/s } 

1 

- t 

19 

26 

74 

14.1 

15.9’ 

15.6' 

10,3' 

0,13 

’ 0.84’ 

54 

540 

25 

52 

68 

21.8 

21,8 

21,4 

16,1 

0.15 

1,24 

6,4 

10 

26 

4o 

60 

28^0 

28,0 

26,6 

19,1 

0.14 

2,88 

1.5 

5.9 

27 

46 

54 

51.0 

51,1 

29.8 

22,1 ■ 

0,18 

5.29 

.0,55 

0.70 

22 

54 

46 

51,1 

51,1 

29.9 

21.5 

0,52 

2,41 

,0,16 

0.25 

60 

60 

40 

57«6 

57.1 

56,2 

24,5 

0.22 

W72 

0-,0 25 

0,042 

26 

66 

54 

58,8 

58,7 

56,5 

26,6 

0,22 

1.98 

0,013 

0,022 

29 

74 

26 

42.5 

42.5 

41.2 

51.1 

0,21 

1,90 

0,0017 

0,005s 


29 
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T aisle 11,2 : Properties of Lead Gennanate Ciystals ( 13 ) 
and Bismuth Borate Glass. 


Property 

T — 

jPh^Ge^O^^ 1 

{single c ry st al | 

t i 

t J 

1 f 

rty - f ,, 

74 pet Bi20^ 

26 pet glass 

Melting point (°0) 

738® 

700 - 750 ® 

Density (g/cc) 

7.38 

7. 74 

Linear thermal expansion 
coefficient 


115 X 10“V^C 

Dielectric constant 
at 1 KHz 

^llEIE ■" 

^33E3: ” 

®33Max“ 

Sgji “ 42,5 

Curie point °C 

178® 
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of both are comparable, and the dielectric constant at room 
temperature for Bismuth Borate glass is higher than that of 
lead geimanate crystal in both crystallographic directions, 

Ihe aim of the present work is to study the 
usability of this glass as an additive for liquid phase 
sintering of BaliO^ and to sinter BaliO^ at t en^) cratures where 
we can use 70 Ag 30 Pd alloy or even lower melting alloys of 
this system as an electrode, without sacrificing the dielectric 
properties significantly. 

More specifically, the aims of the present work are: 

i) to investigate the effect of glass addition on sintering 
temperature (upto 40 wt pet of glass wr-s used) 

ii) to study the effect of amount of gloiss addition, sintering 
temperature and sintering time on densification 

iii) to attempt an explanation on the mechanism of sintering in 
the presence of liquid phase 

iv) to relate the dielectric properties to structural and micro- 
structural changes duiing sintering. 

The sintered pellets are investigated using 

i) weight loss measurements during sintering 

ii) DTA 

iii) chemical analysis 

iv) x-ray diffraction 

v) density 

Vi) volume shrinkage 
vii) micro structure observation, and 

riii) variation of dielectric constant and dissipation factor 



witli 


a) teinp erature 

b) dc bias, and 

c) frequency 
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III. bzpeeimenial techniques 

III,1 : Sanple Preparation 
111*1,1; jEiaw materials; 

Haw materials used were (all of them are AH Grade, 

more than 99»5 percent purity) barium carbonate ( Sarabhai 

Chemicals* India), boric acid ( Sarabhai Chemicals, India), 

titanium Eioxide (Bake Analysed Heagent, USA), bismuth oxide 

/• 

(Mayfair and Haydon, England) . 

111,1*2 i Preparation of Barium T'itanate; 

BaTiO^ was prepared by calcining equimolar ajmoxmts 
of BaCO^ and Ti02 (l4). These powders were mixed thoroughly 
in an alumina ball mill using alnmina balls and acetone* 

The mixes were then compacted at 40,000 psi pressure using 
a hydraulic press to improve reaction during calcination* 
Calcination was done in an alumina cricible at 1250^0 for 
4 to 6 hrs. After calcination the material vras crushed and 
ground into a fine powder,3E-ray ranalysis of the calcined powder 
showed the presence of Ba 2 ^'i 0 ^ phase in addition to BaTiO^ (l5)- 
The calcined powder was then boiled in hot water, filtered 
and washed with hot water repeatedly till the filtrate shows 
a pH of 7. These washings were done to remove any traces 
of Ba(0H) present since Ba(0H) will be formed when any 

^ r 

Ba 2 ^i 0 ^ present reacts with water, 

Ba2fi0^ + H^O >Bali0^ + Ba(0H)2 ( 14) 



Determination of the amount of recovery; 
Gravimetric analysis was done on the calcined 


powder to determine the amount of recovery, A weighed amount 
of calcined powder was taken into a baker and boiled in 
distilled x^ater, filtered and washed with distilled water 
repeatedly till the filtrate shows a pH of 7, fbe filtered solu- 
tion was then evaporated and weighed to determine the amount 
of Ba 2 ^i 04 dissolved. The amount of the undissolved BaTiO^ 
left in the filter paper was weighed after burning the filter 
paper. These results are given below; 


wt. of calcined powder boiled in water = 9t 4 


gm 


wt, of BaTiO- recovered as undissolved 
^ mat eri al 

wt, loss of calcined material 

percentage weight loss 
or recovery 


= 8.55 7 gm 
* 1, 1279 gm 

ex 11, 4 

= 88,4 pet. 


wt, of filtrate asr ' BaCO^ after 
evaporating the water 

or wt, of BaO 


1,3975 gm 
(s: 1,0858 gm 


III.l. 2.b Grinding ? 

Two types of grinding was used, 

1) Dry grinding; Barium titanate powder was ground in a 
Pritsch pulverisette using corundum ball and mortar. The 
sample was ground for 6 hours and then the particle size 
was measured using a Pisher subsieve sizer, 

2) Ket grinding : Here the powder was ground in two grinding 
media 

a) Grinding in an alumina jar using alumina balls 
and distilled water, San^iles were taken intermittently and 
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analysed for particle size using Fisher suhsieve sizer. 

The results are given in Table III.l. 

b) Grinding in an agate jar using agate balls 
and distilled water in a Fiitsch pulverisette* He’re also 
samples were taken intermittently and analyzed for particle 
size. The results are given in Table III.l 

111.1,5 t Preparation of Glass: 

Two batches i) 50 gm ii) 25 gm of glass were 
prepared. The amount of raw materials needed to prepare 
50 gm batch of glass 74 pet. Bi20^, 2 6 pet. are: 

BigO^ 99 pet pure = 47.51 gm 

H^B0„ AB grade =4.45' gm 

5 5 

The raw mat eriaLs were mixed thoroughly in an agate mortar 
using acetone. The batch was then taken into an alumina 
crucible for melting in a muffle furnaoe. The furnace was 
kept around 750°0 and the melts were occasionally mixed by 
swirling the liquid. The 25 gm batch of molten glass was 
cast into discs for measuring the properties pf glass. During 
casting the glass has crystallized many times, even though 
it was cast using chilled water bath. Finally the glass pieces 
which are clear were taken for experiment^-tion. These results are 
given TJII2 Another batch of molten glass was quenched by 
pouring the melt into a tray containing distilled water. 

The glass pieces were then collected, dried and then ground 
in a ball mill for 12~l6 hours. The particle size of the 
ground powder measured by Fisher subsieve sizer was 3 18 |j,n. 
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lalle III.l ; Size reduction during grinding 

Grinding' in an alumina jar } Grinding in an agat e jar 



f t f 

Grinding time { Ihe particle size | Grinding time} Ihe particle 

J in microns | | size in micron 


Starting 
mat erial 

18 - 20 

Starting 

Mat orlal 

18-20 

1 h 

13 - 15 

6 h- 

5-6 

10 h 

8-10 

12 h 

3-4 

24 h 

5 - 6 

24 li 

2-25 

48 h 

2-3 
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This powder was used in the initial sinteiing e^jperiments. 

This glass powder was further ground in a Tritsch pulverisette 
for 2 hours and 10 hours to get a particle size of 4 - 5 pni 
and 2-»3 pni respectively. 

III.l. 3*a ; Chemical Analysis of the glass: 

Chemical analysis of the glass was done using 
the procedure given in appendix A. Actual analysis was 
done for hi smut h and alumina and horon was determined hy 
difference* Analysis was done for the two hatches of glass 
prepared and the results are as shown helow; 



wt,pat, ^^2^3 

B^0>^ 

2 > 

A1 0„ 
2 5 

Batch 1 which was ground 

for 12 hrs with a 
particle size of 

1 ^ *18 pm 

94. 31 

5»2 

0,43 

— = Batch 2 which was cast 

into discs 

92.35 

7.44 

0.21 

Actual amounts taken 

95.01 

4.99 



^calculated as the difference 

Traces of alumina were present in both the cases and it might 
he due to the melting of glass in an alumina cricihle. 

Alumina content was more in the ground sample, prohaly due 
to grinding in an alumina jar* The difference in Bi^O^ 
content from the intended value may he due to the evaporation 
of some BigO^ during melting. The difference in amounts 

in the two hatches may he due to the crystallization of part 
of the glass during casting. 
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III •1*4 : Preparation of samples for liquid phase sintering: 

Initial experiments were carried out over a wide 
range of compositions and sintering t enp erature. Six 
different 10 gm batches of BaliO^, each containing 0.4, 2, 

10 , 20 , 30 and 40 wt. pet, of glass were prepared. Particle 
size of the powders used were, 15 -• 14 pm BalfO^ and 16 -18 pm 
glass. The raw materials were mixed thoroughly for at least 

1 hr in an agate mortar using acetone. It was then made into 
pellets each weighing approximately 1 gm, using a -j* dia die 
at 40,000 psi pressure for further experimentation. Five 
different batches were prepared with 20, 10, 2 and 0,4 wt pet, 
of glass. These batches along with their heating schedules 
are given in Table III, 3. 

Raw materials were mixed in the same way as described 
above. Here the powder was made into pellets in a 3/8** dia 
die, each weighing approximately 0^3 gni using PYA binder. 
Pressing was done in a double acting automatic hydraulic press 
at lOOOOOpsi pressure. Green densities were measured for all 
these pellets from geometry and weight, before firing, 

111,1,5 : Liquid phase sintering; 

Initial sintering experiments were done in a 
globar muffle furnace to which a programmable controller 

Honeywell) was attached, Sixdifferent batches each containing 
0,4, 2, 10, 20, 30 and 40 wt pet, of glass were fired at five 
different temperatures, 800, 900 , 1000, 1100 and 1200*^0 for 

2 hours. Each time five pellets were taken in a platinum 
crucible and were stacked one over the other keeping some loose 



Table 111^3 Different batches prepared for liquid phase 
sin terin-jg; and their heating schedi ale.> 


Batch 

1\ C’ fi 

V-tfo 

glass 

Parti cle 

BaTiO^ 

3 

size(/^^) of 
Glass 

Sintering 

teiTiperatu: 

Sintering 
re times 

(h) 

1 

20 

1 3 

17 

1 000 

1/2, 1 , 3 





1 1 00 

l/6, l/2, 1 

2 

1 0 

13 

17 

1000 

l/6,1 /2 ,1 „2 





1 1 00 

l/6,l/2,1 ,2 

3 

10 

rt 

D 

4 

1 000 

l/6, 1/2,1 ,2 





1 050 

1/6,1 /2,1 ,2 





1 1 00 

1/6, 1/2,1 ,2 





1 1 50 

1/6, 1/2,1 ,2 

4 

2 

2 

2.5 

11 00 

l/6,l/2,1 ,2 





1 1 50 

1/6,1 /2,1 ,2 





1 200 

1/5, 1/2,1 , : 

5 

0.4 

2 

2.5 

1 1 00 

1 /6 , 1 /2 , 1 , 2 





11 50 

l/6, 1/2,1 ,2 





1 200 

1/6, 1/2.1 ,2 



Ba^liO^ powder in between these pellets. Sintering of the 
five different batches mentioned previously was done in a 
globar horizontal tube furnace to which a proportional 
controller ( L and E Electromax) was attached, Ihe 
temperature profile of the furnace is shoin in Pig, III,1- 
Each time five pellets were taken in an alumina boat and 
were charged from one end of the furnace and pulled through 
the other end by a stainless steel rod which passes through 
a bra,ss flange attached to the end of the tube, Two boats 
were connected to each other by a nichrome wire and the 
first boat was hooked to the stainless steel rod such that 
by pulling the rod from one end, the two boats will travel 
along the length of the furnace, Ihe time schedule was 
made in such a manner that by pulling the boat through the 
length of the furnace it will pass through heating, soaking 
and cooling zones. Since two boats were connected to each 
other, as one boat is in the soaking zone the other will be 
in the heating zone, and as the first boat moves through the 
cooling zone the second boat will reach the soaking zone. 

In each case the time taken to reach the soaking zone was 
kept constant as 2 hours 40 minutes and soaking time was 
varied from 10 minutes to 2 hours and finally the time through 
the cooling zone was maintained constant as 2 hours, 

The sintering temperatures and times followed 
for the five different batches mentioned previously are 
given in Table On batch 3 few more sintering 

experiments were done with longei* heating cycle. Here the tiine 
taken to reach the soaking zone x-j-as made double and triple 
than that of the standard one, to investigate its effect on 
density, in these experiments the time through cooling zone 
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III. 2 Oiiaract erisation; 

III. 2*1 Weight loss measurements during sintering; 

Weight loss was determined for each pallet after 
sintering using a Mettler single pan? electric 
balance accuracy 0,0001 gm) , 

III. 2. 2 Thermal Analysis: 

The simultaneous DTA, DTG- and TG-A studies of 
the mixture of haTiO.^ + 20 pet, glass sample was done on MOM 
Deribatograph, The instrument parameters are given in 
Table III .4 

111.2*3 Density Measurements: 

Two types of densities were reported. 

1) Geometrical density; Geometrical densities 
were measured on each sintered pellet. The pellets were 
weighed ( w) in a Mettler single pan, .electric balance and 
volme ( v) of the pellet was measured using a screw guago. 
Density was calculated as C w/v) . 

2) Bulk density; Bulk density was calculated on 

one pellet from each sintering experiniGnt, Here density was 
measured by water displacement method. The dried pellets 
were weighed C D) in a mettler single pan, electric balance. 
The pellets were boiled in distilled water fnr 5-6 hours 
and soaked for 24 hours. The water suspended wt, ( s) and 
water saturated wt, ( w) were determined. The bulk density 
was evaluated using the expression )• 
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Table III /<• i Instrument parameters of Derivatograph: 


1, 

Heating rate 

5^ /min 

2. 

Reference sample 

Alumina 

3. 

Sensitivity of DTA 

1/5 


DIG 

1/20 

4, 

Maximum t emp er at tire 
up to wiiich. it was run 

1000°G 

5. 

Amount of the sample 

2.019 gm. 
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III«2»4 Micro structural observation: 

Por micro structural study, the samples were 
mounted in a thermosetting plastic so that one face of the 
disc was exposed. The sample was then ground on a silicon 
carbide powder over a glass plate using liquid paraffin, 
G-rinding was done successively on 200 , 400 , 600 and 800 

mesh size SiC powders. After grinding over 800 mesh powder, 
the sample was polished on a rotating cloth using diamond 
paste. Polishing was done at least for one day. After 
polishing the sample was etched approximately for 50 sec 
with a solution containing 5 pet, Hcl and 0.5 pet. HP (16). 
The etched sample was then observed under the MJ 20 microscopt 
using reflected light, 

111,245 X-ray diffraction studies: 

X-ray diffraction patterns of the calcined powder 
and the liquid phase sintered pellets were taken with a 
General Electric XED-^ and Philips Automatic x-ray diffracto- 
meter ( Type PW 1750/10) fixing the instrument parameters 
given in Table III . 5 , Por diffraction studies on the pellets, 
the samples were mounted in a perspex sanple holder with two 
tefflon screws, taking care that the sample surface was 
flat and in lino with the sample holder, AH these samples 
were scanned from 26- = 20° to 60°. 
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Table III. 5 : Instrament parameters for x-ray diffraction 
studies. 


Parameters 

GE ZED- 6 

Philips ZRD 

Type 1730/10) 

Radiation 

GuX^ 

with Ni filter) 

GuK 

with Nx filter) 

Excitation 

voltage 

55 KT 

35 KV 

X-ray current 

15 mA 

20 mA 

Divergent slit 

f 

4° 

Sollar slit for 
incid ent b earn 

MR 

MR 

Sollar slit for 
diffracted beam 

MR and HR 

MR and HR 

Detector slit 

0.1° and 0.02° 

0.20 and 1° 

Scanning speed 

2° /min and 0.2° /min 

2°/min and l' 

Chart speed 

1 ’ ’ /min 

2 cm/min 

Tine constant 

2-4 sec 

2-4 sec 
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Temperature Dependence of Di electric Properties: 

Dielectric properties, capacitance and dissipation 
factor were measured using &R - 1520 A capacitance bridge 
assembly. The measuring frequency was 1 EHz at 
Before measuring, the sample was made flat on botb ends and 
its diameter and thickness were measured accurately. It 
was then electroded with air dry silver paint on both the 
flat surfaces, 

A high temperature sample holder with an access 
to three samples used for the temperature dependence of the 
dielectric properties is shown in Pig. Ill, 2. The essential 
parts are the two electrodes, for the sake of simplicity, 
with associated connections and insulations built in an all 
metal unit. The low potential electrode in 1/8" thick 
steel plate of diameter 1,6" common to all the three san^jles. 
The steel plate is held rigidly by a support rod which is 
welded into the base plate at one end and the other end 
passes through the central hole in the top brass lid and 
is clamped by means of ar •.Idi't®. The high potential leads 
are made up of stainless steel wires insulated from outside 
in a glass tube over which a grounded metal sheath is woimd. 
This lead assembly is again insulated in a bigger glass tube. 

A spring loaded arrangement presses these leads on the base 
plate which can be raised a bit to keep the specimens in 
position. The lower and of the wire is made into a bead 
to give proper contact on the electrode while the other end 
soldered to. a positional plug of a three position switch. 



a 



3 ' 




Fig. Sample holder for (a) high temperature 

dielectric measurements (b) DC bias studies 
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The above assembly is inserted in a thin walled stainless 
steel tube, 2“ in diameter and 18* in length. The panel 
carrying the connector, the jack and the switch is firmly 
attached to the top lid* The sample holder could be 
inserted into a small kanthal furnace. The heating rate 
(l°/min) was regulated manually by a variable autotransformerc 
The temperature was measured by a chrom el-alum el thermocouple 
(located near the samples) with a Honeywell potentiometer. 

These measurements were done from room tenp erature to 180 G 
for most of the sanples and upto 410°G for few samples, at 
an interval of 10°0 from room temperature to 10°0 below the 
OuTie point and afterwards measurements were made every 2^ 
till it crosses the Guile point, 

D, G, bias effect on dielectric properties: 

A different sample holder, small in size with 
both the high and low potential terminals free, was fabricated 
to study the d,o. bias effects and hysteresis loop character- 
istics. A sketch of the sample holder is ^own in Pigure IIIe2o 
The bottom electrode was a 1/8 ’Vt hick circular brass plate 
capable of transferring the majority of the heat generated 
within the sample to the immersant. Threaded ends of two brass 
rods (1/8" dia) passed through the base plate on either ends 
and clamped by means of a nut. The upper ends are threaded 
into a circular perspex disc on either ends. The upper 
electrode consists of an Insulated brass rod threaded into 
the same perspex disc at the centre. The capacitor and the 
holder were kept immersed in dry silicone oil at room 
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temperature to provide prot ection -again^ corona at the 
electrode edges and to facilitate in maintaining the sample 
t emp erature^ 

A high voltage d,c. supply 0.10 PS 900, 
(Electronic Upkaran Vikas Go. Kanpur) were used to study the 
d,c. bias behaviour, The capacitance biidge was protected 
from the d.c. bias by a 100 M n- resistor and 1 pE blocking 
capacitor in series in a circuit similar to employed by 
Biggers et al ( 17) ( Eigure value of tho resistance 

was chosen to be two to three orders of magnitude higher than 
the reactance of the sample at 1 KHz, The capacitance value 
of the blocking capacitor was again chosen to be two to 
three orders of magnitude higher than the capacitance of 
the specimen, 

i 

The capacitance and dissipation factor ( tan 6) 

r 

were measured at room temperature upto a bias field of 110-120 
volts/mil. The behaviour was studied during both increasing 
and decreasing bias field. These measurements were made from 
0 to 2400 V at an interval of 200 V. 

III,2»6.c Erequency dependence of dielectric properties; 

Type OR 1^20 A capacitance bridge assembly to which 
a 1210 CEO oscillator unit was attached, was used to measure 
the frequency dependence of dielectric properties* The 
capacitance and dissipation factor were measured from 100 0 
to 100 KG frequency at 0,45 "T", using the same sample holder 
described in section III. 2.6. a. 



0 - 3 KV 
DC power 
supply 


100 Mil 


1/U/F 




mM 



nm 

H 








■ 

■ 


NE 51 
over volte 
protectior 


Fig, III- 5- Circuit used for DC bias studies 
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IV. RESULTS MD DISGUSSIOR 

IV,1- Weigiit loss during sinterings 

Weight loss measurementa were made on all the 
sintered pellets. These results are shown in Tables IV,1 
and IV* 2-. 

Table IV, 1 gives the weight loss measurements 
during the critical sintering experiments. It shows that 
the weight loss was almost constant at ^ 1 pot, till 1100^0, 
2^his loss increases substantially from 1 to ^ 2 pet, at 
higher temperatures and larger glass additions, , i’or example^ 
this change becomes prominent with ‘20 pet, glass addition at 
1200°G with ^ pet, glass addition at 1100*^0 and with 40 pet, 
glass addition at lOOO^G, Considering the whole weight loss 
was only due to the evaporation of the glass, a 20 pet, glass 
sample sintered at 12;)0®G with a weight loss of 2,3 pet, 
indicates that over 10 pet, .of the glass added is evaporating 
after sintering. It indicates that most of the glass is still 
remaining in the sintered body. 

Thermal analysis of the sample with 20 pet, glass 
addition (Fig, IV. 1) heated upto 1000°0 showed a total weight 
loss of 1#1 pot,, which is comparable with the values given in 
Table IV,1. 

Since the weight loss was not significant at 
tenqperatures below 1100^0 for the next set of sintering 
experiments there data were given fl'ablelV., 2) only for those 
samples which are sintered above HOO^C,* These results also 
shows that the wei^t loss increases with increasing sintering 



Table IV,1 : Sintered density (g/cc) and pot 
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Table IV, 2 : Weight loss data of licLuid phase sintered BaTiO^ 


p ot , glass I -pot, wt. loss for sintering time, hr, 

addition { ijo ""1^ | 1 J 2 

I ; « I 


Sintering Tenperature 1150^0 


10 

1.87 2.33 

2.46 

2. 27 

2 

0,73 1.02 

2.39 

2.4 

0.4 

0. 65 0.97 

1.78 

1.85 


Sintering Temperature 

1200^0 



2 


0.4 


2.43 

1.78 


2. 50 

1.77 


2. 20 
1 . 69 


2. 35 
1,64 
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temperature and also with, increasing glass addition. 

IV, 2 'Thermal Analysis; 

Results of the simuD.taneous DTA , IiTG- and TG-A 
studies of the mixture of BaTiO^ and 20 pet. glass powders 
sample are shown in Figure IV. 1 . The total weight of the 
sample was 2.019 gm. 

The BTA curve shows two transformations, one 
o.t 350°C and another at S30°C. The transformation at 350°C 
may be due to the crystallization point of the glass, Tfeis 
glass ha% a melting point around 700-750°C (Table 11,2), 
which is not clearly resolved in the DTA plot. The second 
transformation at 830''-'C appears to bo due to the reaction 
of the glass with BaTiO^, as discussed below, 

TGA plot shows that there is a gradual weight 
loss ( ''^0.85 pet.) till 350°C, which may be due to the 
evaporation of the moisture and binder. The weight change 
was constant till 750°C. This weight loss (*"^0.85 pct. ) may 
be compared with the loss ( 1 pet.) observed in the 

sintering experiments upto 1000°C, Around 900°C theoce is 
a sudden additional weight loss ( '^0,45 pet.). 

To confirm these results two experiments were 
carried out. In one experiment X-ray diffraction studies 
were carried out with samples of BaTiO^ 20 pet. glass .. 

mixture which were heated to 72 5 » 800, .900, 1000 and 1100°C 
for 15 min. For 725?C samples alone, 1 5min. and 
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2h. hea-fcing 1:1106 vrere provided. These results are discussed 
in detail in section IV, 5, The diffraction pattern of the 
sample heated upto 725 °C for 1 5 niin showed the presence of 
crystallized glass in the form of 12 Bi 20 ^, ^ 2^3 alongwith 

BaTiO^. Where as at 2h the glass started reacting with 

BaTiO^ and the diffraction pattern showed the presence of 
3 

BaBi^Ti^O^ g and crystallized glass along with BaTiO^, The 
sample heated upto SOO^C showed the presence of BaBi^Ti^O^^ 

phase along with BaTiO^, hut no crystallized glass phase 

was observed. It indicates that the glass is reacting with 

BaTiO- forming BaBi.Ti.O.j. around 800'’C. The di.ffraction 

patterns at 900°C, 1000 and 1100*^0 show that the formation 

of BaBi Ti,0 ^ reaches a maximum at 900°C and its amount 
4 415 

decreases with increasing temperature. 

In another experiment a (74:26) glass 

piece was heated in the furnace at 525*^0 for 8h, After 
cooling the sample was crystallized in 12 Bi 20 ^. 

2 BigO^, ®2*^3 ^ discussed in section IV^S)* So from 

this experiment it can "be concluded that the peak at 350®C 
in DTA plot may be due to the crystallization of glass^ 

Prom the DTA, TGA and X-rpay diffraction studies 
it can therefore be concluded that the glass reacts with 
EaTiO^ forming Ba Bi^Ti^O^^ at about 725°C and its amount 
reaches a maximum at 900 °C and BaBi^Ti^O^^ appears to be 
decomposing with increasing temperature beyond 900,° C, 
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IV, 3 Densi -by ; 

Sin-bGx*ed samples were investigated using density- 
measurements to study the effect of various parameters on 
sintering, 

IV. 3,1 Effect; of Glass Addition: 

Ef-fect of glass addition on density was studied 
using density measurements on samples with 0.4f 2,10,20,30 
and 40 Wt, pot glass, sintered at 800, 900, 1000, 1100 and 
1200°C for 2h, Ihrtlcle size of sinterad powders were I3y'um 
Ba Ti 0^ and 17 glass. These results are given in 

Table IV. 1 and shown in Pigs, IV. 2 and 3. All the densities 
measured in this case were geometrical densities except in 
those cases where it was not possible due to the sticking of 
the pellets to each other* Pig, IV, 2 shows density vo glass 
hddition for the samples sintered at different temperatures, 
P±g. IV, 3 shows density sintering temperatures for the 
samples with differen-t glass addition. Prom these figures, it 
can be seen that to get densities greater than S5fo theoretical 
density of .Ba Ti 0^ ( 6,02 g/cc ) at 1000°C,a minimum of 20^ 
glass is neoessary and on the other hand with 10^ glass 
adclition,a minimum sintering tempera-ture of 1100°C is necessary 

The ma^Eimum density obtained was 5*22 g/cc (87^ td ) for -the 
oampleo with- 205^ glass addition sintorod at 1000°G for the 
parti oular sintering parameters employed. It can be observed 
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from these figures, thoe . 

for the samples with 20% and higher 

glass additions, the 


de 


sintering temperatur 
of these 


nsities were decreasing at higher 


® ( above 1100°C). Visual examination 

samples with oo®' 

* 0/0 and 30fo glass sintered at 1100°C 

and above showed that 

a layer of glass was collected on the 

bottam surface and the 

Pallet was distorted in shape. This 

clearly shows that at 

100°G the viscosity Sf the glass is 

too low and it ig 

°'W'ing out of the pellet. From the weight 
loss data ^own in inv-, 

® IV,i i-j- can be observed that for 20 
and 30 % samples the w» • , 

'"Sight loss was less than ^fo till lOOOoC, 

but afterwards * 

Pcreasing si gnif i cantly from 1 to 2 % at 
12000 C for 20 ?S sample n.. 

Pa at 11 00*^0 for 30% sample. It 

indicates that 4 -w 

T^he glass • 

xs Gvoporating o.t these temperatures. 

This evoporation and 

° 02 ing out of the glass must be the 
reasons for decrease • 

'^.ensities of these samples at higher 

sintering temperatures 

* If can also be observed from this 

figure that with 0.4 

PP'i 2% glass additions a sintering 
temperature of more tha 

P 12000 c is necessary to get reasonable de 

densities . 


fpom th« 


that for liquid phase si 


®se density results it can be conclxjided 
sini 

minimum of 10 to 20/ 
it is not possible to de 


intering of Ba Ti 0^ at 1 000-11 00 oQ a 


increasing the amount 


5s addition is necessary, and also 
cx*ease the sintering temperature by 


glass above 20^ using the oaeie sintering 
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perame tears employed here^ 

IV. 3. 2 SIfect of sintering temperatxare and time: 

To study the densifi cation process more closely 
sintering experiments were done on 20?^^ ^Ofo^ 2% amd 0*4?^ glass 
samples with respect to temperature and time. Sintering 
temperatures, times and particle sizes of these different 
batches are given in Table IV. 3 along with the green 
densities ( average of 5 and the displacement 

denwsities ( eased on one sample ), The reason for considering 
both the densities is, that in the case of geometrical 
density It includes both open and closed porosity ( total 
porosity)^ where as in the case of displacement densities 
it will include only the closed porosity* Table IV*4. gives 
these porosity data for the samples with 10^ glass sintered 
at different temperatures and times. Percent theoretical 
density calculated by taking 6.02 g/oc as the theoretical 
density of Ba Ti 0^, without considering the glass addition 
is shown with-in brackets next to each density value. These 
density results are plotted in Pigs* IV. 4-8. Pig- IV. 4 
show the geometrical and the displacement densities for the 
samples with 20?^ glass addition, sintered at 1000^^0 for 1 /2 , 

1 and 3h. and at 1100°C for l/6, l/2 :-p.d 1h. This figure 
shows the displacement densities are more than geometrical 
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densities for all those samples as expected. It may be due 
to the evaporation of some of the glass from the surface at 
these temperatures causing more open porosity. It can also be 
observed from this figure that at lOOQoC the density is 
increasing sharply between l/2 and 1 h. and afterwards it is 
gradual till 3h. where -as at 1100°C most of the densif icatio n 
i» taking place with -in the first 10 min. and afterwards 
there is very little increase in density with sintering time. 
This may be because of the viscosity of the glass being 
lower at 1100°C than 1000°C^ facilitating easy densifi cation 
with in a short time o-t 1100°C, The reason for the decrease 
in the displ-acement densities at 1100°C with increase in 
sintering time may be due to the oozing out of the glass from 
the pellet, which was observed by visual examination of the 
pellet. Pig. IV, 5 shows the geometrical and the displacement 
densities for the samples with glass addition sintered 

at 1000 and 1100°C for l/6, 1/2, 1 and 2h, Here the particle 
sizes of Ba Ti 0^ and glass used are and 1 Vy'a respectively., 

It can be observed from these figures that at 1000°C the 
densities are increasing gradually with increasing sintering 
time till 2h, where-as at 1100°C most of the densif ication 
is taking place with-in the first 10 min and there is 
gradual increase in density between 10 min and ' /2h, and 
afterwords there is very little increase in density till 2h. 

Here also it can be observed that the displacement densities 
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are more than geometrical densities tor all the samples* 

Table IV^4# shows that as the sintering temperature increases 
from 1000<»1100^C the open porosity is increasing while the 
closed porosity decreases^ It indicates that the 

glass Is evaporating at 1100^0, causing more open porosity. 
Pigs, IV, 6 and 7 shoxfs the geometrical and the displacement 
densities for the samples with T 0^ glass, sintered at 1000, 
1050, tlOO and 1150^0 for 1 /6, 1/2, 1 and 2h^ Here the 
initial particle siaes of Ba Ti 0^ and glass are 5 ynm and 
4 ^um respectively. These figures also show , same trend as 
in Pig, At lOOO^C the densities are increasing 

gradually with increasing sintering time till 2h. At 1050 a. > 
and 1 tOO^G densities are increasing sharply up-tc- 11^ and 
afterwards the^fe is very little increase till 2h, Where— as 
in the case of 1150^0 it can be observed that most of the 
densif i cation is taking place with-in the first 3 0 min# and 
afterwards there is very little increase in density, Pi^t IV# 6 
shows that the geometrical densities are better for the 
samples sintered at 1050^0 than those samples sintered at 
1000' , 1100 and 1150^0, but Pig* IV. 7 shows that the 

displacement densities are increasing with increasing 
sintering temperature. Thi^ implies that while the closed 

•'i' 

porosity decreases with increasing temperature^ the open 
porosity ^reaches a minimum at T05O°£! and increases at 1100 
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and 1150°C presumably due “bo the oozing out or evaporation 
of glass, 

Pig^ IV , 8^ shows the geometrio^'l densities for the 
samples with 1 .% and 0,4% glass addition, sintered at 1100, 
1150 and 1200°C for l/6, l/2, 1 and 2h, This figure shows 
that the densities are increasing gradually for all the 
samples with increasing sintering temperature and time* It 
can also observed from this figure that the densities are 
slightly better for 0,4 % samples than for 2% samples* This 
may be due to the^ greater evaporation of the glass from the 
2% glass aamjple at these high temperatures# Weight loss 
data given in Table IV, 2, also shows the weight loss for 
2% samples was more than for the 0#4% samples. Prom these 
density results if can be concluded that with 20% glass 
addition a sintering temperature of IIOO^C may be high 
because of the problem of glass flowing out tOOO^C 
seems to be too low, so that the ideal temperature for 
these samples may be in between these two. In the case of 
10% glass, samples sintered at 1050°C are showing better 
densities, and also a sintering time of 1h is sufficient 
at this temperature# With 0*4 and 2% glass addition, to 
get reasonable densities ("^85% td) higher sintering 
temperatures e#g. 1200^0 are necessary. 



Table IV * 3 Density of Green and Sintered Pel lets , 
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Batch 

No. 


Sample 


Sinter*- Sinter G-reen Sintered Density (g/cc ) 
ing temp, ing density Geometrical Displacemen 

° C time g/ CO 


1 . BaTi03 with. 

1 000 

1 /2h 

4.35(72.3) 

4> 66(77.4) 

5.03 

(83.6) 

20?^ glass 


1 h 

4.33(71 .9) 

5,02(83.4) 

5.18 

(86.0) 

using 1 3 /um 
BaT‘_C'3 and 

1 7 yum glass 


3 h 

4.36(72.4) 

5. 16(85.7) 

5. 20 

(86.4) 

1 1 00 

1 Omin 

1/2 h 

4.33(71 .9) 

4. 35(72.3) 

5.10(84.7) 
5. 15(85.5) 

5.41 
5. 34 

(89.9) 

(88.7) 



1 h. 

4,35(72.3) 

5. 18(86.0) 

5.25 

(87.2) 

2. Ba-TiO^ with 

1 000 

1 Omin 

4.20(69,8) 

4.78(79.4) 

4.84 

(80,4) 

10^ glass 


1/2 h 

4.21 (69.9) 

4.87(80.9) 

4.94 

(82. 1 ) 

using 1 3 /um 


1 h 

4.25(70,6) 

5. 03(83. 6) 

5. 08 

(84.4 ) 

BaTiO^ ahd 

1 7 yum glass 


2 h 

4.22 (70,1 ) 

5.26(87.4) 

5. 39 

(89.5) 

1100 

1 0min 

4.28(71 .1 ) 

5.06(84,1 ) 

5. 25 

(87.2 ) 



1/2 h 

4.28 (71 ,1 ) 

5.24(87,0) 

5. 54 

(92.0) 



1 h 

4.23(70.3) 

5.25(87.2) 

5. 56 

( 92 . 4 ) 



2 h 

4.24(70,4) 

5.27(87.5) 

5. 58 

(92. 7) 

3, BaTi03 with 
10% glass 

1 000 

1 Omin 

4.42(73.4) 

4.68(77.7) 

4.41 

(73. 8) 


1/2 h 

4.41 (73.3) 

4,79(79.6) 

4.75 

(78.9) 

using 5 /um 


1 h 

4,43(73, 6) 

4.86(80.7) 

4.81 

(79. 9) 

BaTiO^ and 


2 h 

4.42(73.4) 

5.01 (83.2) 

5 .28 

(87.7) 

4 yum glass 







1050 

1 Omin 

4,43(73.6) 

5,20(86.4) 

5.40 

(89.7) 



1/2 h 

4.43(73.6) 

5. 32(88.4) 

5.48 

(91 . 0) 



1 h 

4. 39(72. 9) 

5.40(89.7) 

5.50 

(91 .4) 



2 h 

4.39(72, 9) 

5.37(89.2) 

5.54 

(92. 0) 


1100 

1 Omin 

4.45(73.9) 

5. 10(84.7) 

5.43 

(90.2) 



1/2 h 

4.44(73,8) 

5.25(87.2) 

5. 61 

(93.2) 



1 

4.42(73.4) 

5.30(88.0) 

5. 78 

(96.0) 



2 h 

4.42(73.4) 

5. 27(37.5) 

5.79 

(96.2) 


11 50 

1 Omin 

4.39(72.9) 

5.27(87.5) 

5.49 

(91 .2 ) 



1/2 h 

4.40(73.1 ) 

5. 35(88.9) 

5. 63 

(93. 5) 



1 h 

4.39(72.9) 

5,30(88.0) 

5.78 

(96. 0) 



2 h 

4.41(73.3) 

5.31 (88.2) 

5.91 

(98.2) 


contd 
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Batch Sam-ol e Sinter- Sinter- G-reen Sintered Density (g/cc 
No. "■ ■ ing temp, ing dinsity G;eometrical Displace- 

°C time g/cc ment. 


4. BaTi 03 with 
2?^ glass 
using 2 /um 
BaTi 03 and 
2 , 5 yum glass 


5. BaTiO^ with 
0.4?^ glass 
using 2 /um 
BaTiO^ hnd 
2.5 yum glass 


1100 

1 Omin 

3.95(65.6) 

4.55 

( 75 , 6 ) 


l/2 h 

3. 96(65.8) 

4.56 

( 75 . 7 ) 


1 

h 

3.93 ( 65.3) 

4 . 66 

( 77 . 4 ) 


2 

h 

3. 94 ( 65 . 4 ) 

4.70 

(78.1 ) 

1 1 50 

1 Omin 

3.84(63,8) 

4.7 

(78.1 ) 


1/2 h 

3- 98(66.1 ) 

4.81 

( 79 . 9 ) 


1 

h 

3. 98(66.1 ) 

4.91 

(81 . 6 ) 


2 

h 

4 . 05 ( 67 . 3 ) 

5.08 

(84.4) 

1200 

1 Omin 

3.98(66,1 ) 

5.01 

(83.2) 


1/2 h 

4 . 00 ( 66 . 5 ) 

5.04 

(83.7) 


1 

h 

4 . 02 ( 66 . 8 ) 

5. 10 

(84.7) 


2 

h 

4 , 02 ( 66 . 8 ) 

5.20 

( 86 . 4 ) 

1100 

1 Omin 

4 . 07 ( 67 . 6 ) 

4.55 

( 75 . 6 ) 


1/2 h 

3 . 97 ( 65 . 9 ) 

4.65 

(71.2) 


1 

h 

3 . 99 ( 66 . 3 ) 

4.52 

( 75.1 ) 


2 

h 

4,18(69,4) 

4.88 

(81 .1 ) 

1150 

1 Omin 

4.13(68,6) 

5.03 

(83.6) 


1 /2h 

4 . 12 ( 68 . 4 ) 

5.08 

(84.4) 


1 

h 

4,13(68.6) 

5.10 

(84.7) 


2 

h 

4.11 ( 68 . 3 ) 

5.22 

( 86 . 7 ) 

1200 

1 Omin 

3. 94 ( 65 . 4 ) 

4.93 

( 81 . 9 ) 


1/2 h 

3. 98(66.1 ) 

5.05 

(83.9) 


1 

h 

4 . 17 ( 69 . 3 ) 

5.27 

(87.5) 


2 

h 

4,19(69.6) 

5.45 

( 90 . 5 ) 



IV, 4 P orosity change with., sinterir?o : teni-pera ture and tim e 


Sintering 

Sintering 

Total 

Closed 

open 

Sample temperature 

Time (h.) 

porosity 

porosity 

porosi ty 

°o 




_ - 

BaTiO™ with. 1000 

10?^ glass 

1/6 

l/2 

20.6 

1 9.6 

0. 99 

1.16 

us ing 1 3 /um 

BaliO and 

1 7 y-uia glas s 

1 9.1 

17.9 

1 

16.4 

1 5.6 

00 

• • 

0 CM 

2 

12.6 

10.5 

1 1 00 

1/6 

1 5.9 

1 2.3 

3.16 


1/2 

12.9 

7.9 

5.0 


1 

12.8 

7.6 

5.15 


2 

12.5 

7.3 

5.15 

BaTiO with 

1/6 




1 0^ glass 1 000 

22.2 

26.2 

- 

using 5 /'am 

4 /um 

3 / 

1 /2 

20.4 

21.1 

- 

1 

19.3 

2 0.. 1 

— 

glass 




2 

1 6,8 

1 2.2 

4. 5 

1050 

1/6 

13.6 

10.3 

3. 32 


1/2 

11,6 

8.9 

2.32 


1 

1 0.3 

8.6 

1 .66 


2 

10.8 

8.0 

2.82 

1100 

1/6 

15.3 

9.8 

5.4s 


1/2 

12.8 

6. 8 

6.31 


1 

12.0 

4.0 

7 . 97 


2 

1 2.5 

3.8 

8. 6 

11 50 

1/6 

12.5 

8.8 

3. 65 


1/2 

11.1 

6.5 

4.65 


1 

11.9 

4.0 

7.77 


2 

11.7 

1 .8 

1.97 


20% glass • 13 fi BaTiO 



Fig .il-4- Densification of BaTiOa as a function of sintering time with 
20 % glass addition . 
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o 1000 C 
A 1100 °C 


Geometrical density 


i ,i. 


.1 1 


Sintcrering time , hr 


lV-§ “ Densif ication of BaTiG 3 as a function o1 
time with 10 % glass addition. 



Geometrical density 


10% glass, 5 a BaTi 03 , 4u glass 


5.0 h 



o 1000 C 
A 1050 °C 
o 1100 °C 
o 1150 °C 


.L. . I L 1 J- 


_i 1. 


Sintering time , hr 

iiv 6 ” Geometrical density vs sintering time for 

BaTiOs with 10 % glass addition at different 
sintering temperatures , 






% Theoretical densit 




Displacement density, g/cc 




O 


4. 0 


0 


1 

Sintering time , 


“ Displocement density vs 
BoTiOa with 10% glass < 


o 2 
A 2 
□ 2 

• 

A 

■ 0 -^ 

' i 

Sintering time (hr 


eometrical density 
)r BaTf 03 with 0.4 
ddition at different 




o 7 % 
A 27o 
o 2 % 

m 

A 


1100 

1150 

1200 

1100 

1150 

1200 


ring time (hr ) 


:tricai density vs. sJn 
TiO^ with 0=4 and /®’cc 
)n at different temoerc 
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IV. 3.3 Effect of particle size: 

Effect of particle size on densif icat ion was 

studied on 10^ glass samples sintered at 1000 and 11 00 ° C 

for l/6, 1 / 2 , 1 and 2h. For this purpose two batches 

with different particle sizes of Ba Ti 0„ and glass 

3 

( 13 ^um Ba Ti 0^ + 17 ^rum glass and 5 y'um Ba Ti 0^ + 

4 yum glass) were used . Eig. IV. 9 shows the geometrical 
densities of these- samples as a function of sintering 
temperature and time. It can be observed from this figure 
that there is no marked difference in densif icati on in the 
particle size ranges used particularly at 1100°C. Still 
lower particle size may have some effect, 

IV. 3.4 Effect of rate of heating; 

Effect of me of heating on densif i cation was 
studied on samples with 10^ glass additions sintered at 
1000, 1050 and 1<00°C for 10 min and 2h with three 
different heatin ; rates namely 2h 40min, 5h 20min, and 
8h. Particle size of the powders used in this study were 
5^um Bn Ti 0^ and 4^um glass. Those results are given 
in Table IV. 5 . These results show that for 8h heating 
schedule the densities are slightly better than at 2h 40min. 
But the increase in densities was not too large and there 
may not be much advantage in employing 8h heating schedule 
which is three times that of the usual 2h 40min, heating 
schedule used in all sintering experiments* 
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TABL B IV 



Effect of mte 

of heatins on densificati 

on 

Sintering 

M temperature 

Jo glass 

Sintering 
Time (h) 

Heating rate 
(time taken 
to reach 
sooking zone 

Density 
( Geome tri cal ) 
g/ cc 

1 0^ 1 000 

l/6 

2h 40 min. 

ON 

00 



5h 20min* 

4.64 



8h 

4.75 

1 000 

2 

2h 40min, 

5.01 



5h. 20niin. 

5. 02 



8h. 

5.26 

1050 

1/6 

2h 40min 

5.20 



5h 20min, 

5.18 



8h, 

o 

CNJ 

in 

1050 

2 

2h 40min.. 

5.57 

- 


5h. 20min. 

5.59^ 



8h. 

5. 50 

11 00 

1/6 

2h 40min. 

5. 10 



5h 20inin, 

5.56 



8h. 

5. 58 

1100 

2 

2h 40min. 

5-27 

t 


5h 20min, 

5.45 



8h. 

5.45 
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17 . 4 . Micro structural Observa~bion; 

Samples were prepared for micro structural observa-ti on 
to study i) the effect of glass addition and ii ) the effect 
of sintering temperature and time on microstructure, so as 
to understand the reaction Kinetics during liquid phase 
sintering of Ba li 0^ with bismuth borate glass. 

Microstructures of the sintered samples containing 
0.4, 2, 10, 20 and 30 wt pet glass are shown in Pigs, IV i0-14 

Sintering temperature was 1200°C for 0.4 and 2 % samples and 
1100°C for 10,20 and 30^ samples. Sintering time was constant 
at 2 h for all these samples. 

These figures show that a glassy phase is distributed 
uniformly around the grains s a coating over the grains. It 
can be observed that the amount of this glassy phase is 
increasing with increasing glass content for a fixed sintering 
temperature and time as expected. 

Effect of sintering temperature and time on micro- 
structure was studied on the samples with 10 ^ glass wintered 
at 1000 and 1100°C for l/6, l/2, 1 and 2 h. The average 
particle size of Ba Ti 0^ and glass used for making these 
samples were 13 and 17 yum respectively. Pigs. IV 15—18 
show the microstructure s of the samples sintered at 1000®C 
for 10 min. to 2 h, while Pigs, IV. 19-22show the micro structures 
of the samples sintered at 1100°C for 10 min to 2 h. Average 
grain size and boundary layer thickness were measured quantita- 
tively under a microscope at 250 magnif ication for all these 
samples. Measurement 




IV. 10 0.45^/l2 00 0C/31i 


IV. 11 iSl2,^/l200 0C/2h. 





* * N. 
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!icro struct' 
samp! 
intered at 
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for this purpose were cira^ied out on 150-250 grains in each 
case , -These results are given In T''..TDle IV, 4 , 


Table IV. 5 Variation of grain size and grain boundary;;’ 

Thickness with sintering temperature and time. 


Sintering 
Time (h) 


Sintering Temperature °C 
1 000 1 1 00 


G-min size 


Bo und^'i-ry Gr ai n 
layer Siae 

/\Ji 

thickness / 

r 


Boundary ' 
layer 
thi ckness 

/U 


1/6 

13 

3 

19 

7 

1 /2 

1 6 

5 

24 

7 

1 

19 

7 

24 

9 

2 

20 

6 

21 

10 


This table shows that the grain size is Increasing 
with increasing sintering time from 1/6 to 2 h at a particular 
temperature <and also for the corresponding times the grain 
sxze v^as more at 1100°C than at 1000®C « The grain boundary 
thickness is also increasing correspondingly with sinte ring 
time and temperature. The grain size range has also been 
found to be rather narrow. This is to bo expected since in 
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the liquid phase sintering process during solution and 
reprecipitation stage smallest grains will get dissolve 
and reprecipitate on larger grains- 

Through thermal analysis ( Section IV* 2) and 
X-ray diffraction studies it is confirmed that the bismuth 
borate glass reacts with barium titanate at about 725 
forming Ba Bi^ Ti^O^ ^ and that the amount of Ba Bi^Ti^ 0^^ 

reaches a maximum at 900^0 and afterwords it is decomposing 
with increasing temperature from 900^0 to 1000°C. The 
Kinetics of these reactions were discussed in detail in 
section IV* 5 and sintering models in section IV. 6. The 
sintering model presented clearly suggests that the grain 
sise as well as the thickness of the glass layer increases 
as the temperature is raised from 1000 to 1100*^0 keeping 
sintering time constant, and also these pero^msters increase 
the sintering temperature. The observed micro structural 
changes therefore are in conformation v^ith the proposed 


sintering models 
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* 5 • X-^ray diffraction studies: .,. 

Tlie sequence of reactions faking place dxxring liquid 
phase sintering of Ba Ti 0^ mixed with bismuth borate glass 
was studied by X-ray diffraction techniques using (i) amount 
of glass added (ii) sintering temperature an.'’ (iii) sintering 
time as perameters* In general the X.ray diffraction pettems 
were taken on sintered pellets , except in special 0 S®e 0 
where the sintered pellet was crushed into powder before 
taking an X-ray diffraction pattern# Thus, unless other 
wise menti oned, all the X-^ray dif f data presented here 
were obtained on sintered discs ♦ 

The X^ray diffraction patterns of sintered discs 
of Ba Ti 0^ containing 0 , 2 , 1 0 , 20 ,and 30 wt, pet bismuth 
borate glass is shown in Table IV the discs were sintered 
at 1200^0 for 2 brs. These patterns showed Ba Ti 0^ the 

predominant phase* With no noticea>blo shift in the lattice 
perameters. It indicates that no solid solutions were 
formed with Ba Ti 0^ during liquid phase sintering* In 
addition there were some extra reflections observed whose 
intensity seem to increase with increasing glass constant* 

It may be mentioned that the glass tended to visibly 
oose out to the lower side of the disc during sintering at a 
high temperature such as 12 00^0 particularly in the case of 
samples containing larger additions of ghass# In order to 
study this more closely the two sides of a disc containing 
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TABLE IV, 7 


X-ray dif frac-feion • datoi . of liquid phase 
sintered BaTiO^ 






of glass 




BaTiO^ 
£Ref, 9) 



0 

2 


10 


20 


30 




d 

l/l 
' o 

d 

I/I 

O 

d 

l/l 

' O 

d 


d 

l/l 

o 

d l/l 

' o 

3. 97 

MS 

4.01 

MS 

4.18 

MS 

4.04 

MS 

4.03 

MS 

4.058 

4.022 

20 

50 

3.13* 

VW 

3.15 

* VW 

3.13 

* VW 

3.13 

VW 

- 

- 


- 





2.97 

wv/ 

2. 99 

MS 

2, 97 

MS 



CM 

CD 

■ # 

CM 

VVS 

2.83 

VV3 

2. 83 

vvs 

2.84VVS 

2.84 

VVS 

2. 84 

100 





2,74 

ww 

2. 76VVW 

2.76 

MS 



2,.3t 

S 

2.32 

S 

2. 32 

s 

2,32 

S 

2.32 

S 

2.315 

60 

2.01 

t.99 

MS 

VS 

2,02 

2.02 

MS 

VS 

2. 00 

vs 

2.01 

VS 

2.00 

VS 

2. 018 
1 . 998 

55 

80 







1.94 

VW 





1 .82 

W 

1»79 

W 

1. 79 

¥ 

1 . 80 

¥ 

1 ,79 
1.76 

W 

WW 

1 .804 
1.791 

1 5 

15 

1.63 

VS 


VS 

1. 63 

VS 

1. 64 

VS 

1,64 

VS 

1 . 642 
1.634 

60 

80 











1 .41 9 

50 


* These values corresponds Ba^TiO^ phase* 


I 
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30^ glass sintered at 12 00®C for 2 hr s* was subjected to 
X-ray diffraction and these results were included in 
Table IV. 8# It may be noticed that there is a distinct 
difference in the location of some of tho reflections on 
the two sides, but more importantly a substantial diffsreno 
in intensity of certain lines was observed. The e /.tra line 

observed on the glassy side of the disc compare very well 

h 8^ 

with those of Bi^ Ti^ 0^^^ though some serious enhancement 
of the Intensity of some of the reflections was observed 
for certain reflections on the glassy side of the disc. 
Recalling that Bi^ Ti^ 0^2 layer type structure with 

a morphology like to that of mica it is not surprising to 
observe that some of the (ool) type lines exhibit 
anamolously large intensities characters tic of strong 
preferred orientation. In order to unambigiously identit 3 r 
tho second phase in these mOute rials and also to over-come 
the problems due to preferred orientation, the discs were 
ground to minus 325 mesh powder and an X-ray diffraction 
pattern was again obtained , These results are presented 
in Table IV. g Here again Ba Ti 0^ continues to be the 
predominant phase as can be expected. The coexisting 
second phase can now clearly bo identified as Ba Bi^ Ti^ 

The intensity of tho Ba Bi^ Ti^ 0^^ lines to be 

increasing with increasing glass addition. It must be 
pointed out that the powdered sample of the disc with 30fo 
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glass also shows only a mixture of Ba Ti (>^ and Ba Bi. 

J 4 4 1 o 

and does not show tho presence of This 

apparent anamoly can be resolved if it is considered that 
only an exceedingly^ thin layer of Bi^Tl^O^^ formed on 
the glassy side of the disc and its amount in the overall 
volume of the disc too small to be detected, 

From whet has been s>aid above it is clear that 
the bismuth borate glass reacts with bariumti tanate forming 
barium bism\ith ti tanate aa a distinct phase. The thin 
layer of Bi^ Ti^ 0^2 appears to form on the glassy 

side of the disc is so small in quantity that it may not be 
considered any further. 

The kinetic vS of formation of Ba Bi. Ti. 0 

4 4 15 

as a function of time and temperature of sintering was 

studied in the case of samples with lOfo glass. These 

samples were sintered at 1000, 1050, 1100, and 1150^0 for 

l/6, 1/2, 1 and 2 hrs. Varying amounts of Ba Bi.Ti. 0 ^ -- 

4 4 1 3 

was detected in nearly all the sintering experiments. In 

order to quantify the amount of Ba Bi^ Ti^ 0 ^^ formed 

under these conditions the ratio of the intensity of ( 109 ) 

reflection of Ba Bi. Ti . 0 . ^ ( which is the strongest 

4 4 13 

reflection for this material), to that of the (210) 
reflection of the Ba Ti 0 ^ was computed for different 
sintering temperatures and times. These results are 
plotted in Pig. IV. 23. as a function of sintering temperature 
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for fixed time as well as a function of sintering time for 

fixed temperature. The relative amount of Ba Bi , Ti ^ 0 ^ 

4 4 15 

present decreases gradually with increasing temperature for 

all sintering times or in other words the maximum 

Ba Bi. Ti- 0 . was observed for the lowest sintering 

4 4 15 

temperature employed namely lOOO^C. The relative amount of 
Ba Bi^ Ti^ 0^^ present also decreases with increasing 
sintering time at a given temperature, thou^ the decrease 
at and above 1100°C seems to be rather small* In order to 
provide further support for x/hat has been said above and also 
to confirm the interpro tati on of thermal analysis of 
Ba Ti 0^ with 20% glass ( Section IV. 2) two additional 
experiments were carried out. In the first experiment one 
sample of 74% Bi^ 0^ 26% B20^ glasvS employed in this 
study was heated by it self at 525^0 for 8 h# A second 
sample was melted in -x platinum crucible at approximately 
750° C and taken out af the furnace and allowed to cool. 

X-ray patterns of those two samples given in Table IV*^ were 
identical^ and consists of 2 Bi^ O^.B^ 0^ and 12 Bi^ 0^. B^O^C^Ii) 
with the former in a larger concen tra ti on. Prom this it 
could be concluded that the orystallisati on of the bismuth 
borate glass employed hero, takes place at temperatures as 
low as 525 °C '.ind the ye t"<.lli£3^cl phases confirm to the ones 
expected from the phase diagram for 74?^ Bi^ 0^ 26fo 
composition. In the second experiment a mixtiire of Ba Ti 0^ 
powder with 20'^ glass powder was heated at 725, 800, 900, 


i 
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Table IV: 9 X-r*ay diffraction data of tbe l^fo Bi^O^, 26fo 

glass crystallized at 750 °C and^5l50C 


G-lass Crystallized at 
750°C 525°C 


2 B^O^ 


12 BigO^ BgO^ 


4,28 

4 

4.26 

2 

■^.25 

5 



5.. 97 

16 

3. 96 

1 0 

3. 98 

12 



3.9 

20 

3.89 

17 

3. 95 

13 







3.87 

18 



3. 6 ' . 

25 

3.58 

34 



3. 574 

30 

3.4'> 

7 

3.40 

10 

3.39 

8 



3.33 

20 



3.312 

20 







3.207 

7 



3.21 

1 00 

3.21 

1 00 

3.173 

9 

3.198 

100 

3,11 

70 


80 

3.111 

63 



3.1 

1 00 

3.09 

1 00 

3. 101 

1 00 







3.089 

60 



2.94 

60 

2. 94 

65 

3.075 

45 





2. 93 

30 

3.045 

24 

2. 918 

28 

2.85 

9 

2.86 

1 0 

2 . 842 

1 1 



2-79 

4 

2.79 

4 

2.805 

5 







2.774 

6 



2.72 

79 



2.748 

5 

2.702 

75 

2.52 

6 

2.53 

6 

2. 52 

22 



2.49 

7 

2. 50 

7 

2.489 

1 1 



2.17 

9 

2. 1 6 

18 



2.157 

17 

2.06 

9 

2.07 

10 

1 . 976 

9 



1. 98 

12 

1.98 

27 

1 .972 

1 1 



1 .93 

20 

1 - 93 

14 

1 . 92 9 

14 





1 . 87 

14 

1 .87 

1 1 



^ .85 

30 

1 .85 

6 

1 .866 

10 





1 .82 

1 1 

1 .838 

20 



1.74 

39 

1 .74 

45 



1.735 

34 

1 .69 

20 

1 . 69 

20 



1 . 686 

1 6 

1 . 65 

30 

1 . 65 

25 



1. 641 

24 
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1000 and 1100^0 for 15 min* The same mixture was also 
heated at 725^0 for 2 h* A powder X-ray pattern was 
obtained of all these materials- These results were given 
in table IV*1 0-It can be seen that the sample heated at 
725°0 for 15 min. shows Ba Ti 0^ and a second phase, which 
was identified .as 12 Bi 2 ^ 3 * ^2^3 apparently 

crystallised from the bismuth borate gla-ss added to Ba Ti 0^. 
However the sample heated at 725^0 for a, longer period 
namely 2h shows a mixture of Ba Ti 0^, Ba Bi. Ti. 0.- and 

3 4 4 15 

12 Big 0^. B 2^3 phases. This means that given sufficient 
time the glass reacts with Ba Ti 0^ to form Ba Bi^Ti^ 0 
at as low a temperature as 725 On -tiie other hand the 

same sample heated to SOO^C for 15 min* does not contain 
12 Big 0^. Bg 0^ but shows Ba Ti 0^ as the predominant 
phase with Ba Bi^ Ti^^ 0^^ as a minor phase. Th© relative 
amount of Ba Bi^ Ti^ ^15 appo'-ix's to attain a 

maximum at 900^0 and its amoiint appears to decrease at 
1000°C and even more so at 1100^0. 

The decreasing amount of Ba Bi.Ti-O.cr as the 

4 4 13 

sintering tempore tura. is incrca'^erj’ -^rom 900 to 1000 to 
1100°C is in line with the results discussed earlier on 
discs with 10 ^ glci-ss sintered between 1000 and 1100 °C for 
periods varying from 10 min. to 2 h. The important results 
of the X-ray diffraction study of the lictuid phase 
sintering process of Ba Ti 0^ in the presence of Big O^.BgO^ 



Table IV . 0 X-ray Diffraction data of mixtiire of BaTiO- and 20^ glass mixture 
heated to different temperatures . ^ ° 
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glass may be summarised follows. It temperatures as low 

as 725^0 or even lower, bismuth borate glass tends to 

crystalline into 12 Bi^ 0^. 0^. At about 800 the 

bismuth borate glass reacts with Ba Ti 0^ forming 

Ba Bi^ Ti^ 0^^. At this stage the crystallized 12 Bi^ 

0^ was no longer detected# It appears to have melted since 

the liguidjjEB temperature corresponding to this compositions 

was given as 743^0 (l 1 ) , The amount of Ba Bi 'Ti. 0 - 

4 4 15 

formed increases^ upto 900^0 and decreases at higher temper- 
atures ♦ This decrease in the rela.tive amount of Ba Bl^Ti.O^r* 

4 4 15 

is interpreted as a decomposi tion of Ba Bi. Ti. 0. r- into 

4 4 1 5 

Ba Ti 0^ and some bismuth rich phase. The bismuth oxide 

released by the decomposition of Ba Bi . Ti , may co^nblne 

4 4 15 

with B^O^ present to form additional glass, or alternately 
it may combine with B^ 0^ to form crystalline bismuth borate 
glasses. Some of the weak reflections observed at 
temperatures where a fair amount of decomposition of 
Ba Bi^ Ti^ ^15 proceeded may be accounted for by the 

strongest reflections of 1 2 Bi^ 0^ • B^ 0^ and 
2 Bi 2 0^ , Bg 0^. It may be recalled that the composition 
of the glass chosen for this study falls in between these 
two compounds in the phase diagrams ( 1 1i ) * 

The sequence of reactions taking place dur ing the 
liquid phase sintering of Ba Ti 0^ in the presence of 
busmuth borate glass ( 76 mole ^ Bi^ 0^, 24 mole Bg 



mO-y "ten.'ta'bively be proposed as follows. 


4 . 725 °C 

Ba Ti 0^ + Big 0^ - Bg 0^ glass ^ 

Ba Ti 0^ + 12 Big 0^. Cg 0^ ( Crys tali zed) 

+ glo,GS (O 

800-900 °G 

Ba Ti 0^ + Big 0^ - Bg 0^ glass — ?»■ 

Ba Ti 0^ + Ba Bi^ Ti^ °1 5 ^ Sl-^ss (? ) 

Ba 0 ( 7 ) ♦••,••••^ 2 ) 

St 10000 C 

Ba Bi^ Ti^ 0^ ^ + Ba 0 Big - Bg 0^ glass 
Ba Ti 0^ + 12 BigO^, Bg 0^ (?) 


+ 2 Big 0^, Bg 0^ (?) + glass 
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IV* 6 Densif icati on Hechanisms: 

In liquid phase sintering process there are th: ■ 
stages oi densification corr esponding to thx’esj -“ne chan isms 
during sintering; l) particle rearrangement |(2) Solution 
precipitation (3) Coalescence* (20) 

In the iirst stage liquid phase is formed j the 
pores are filled, and the solid particles are rearranged, 
resulting in close packing* In the second stage the fine 
particles go into solution, followed Toy reprecipitation 
on the large particles* In the third stage the substance 
is slowly consolidated as the result of the solid parti do r* 
growing together in accordance with the rules of so lid -p ha 
sintering* The result is that a rigid skeleton is formed 
in the body undergoing sintering* The predomino.-no e of oiac* 
mechanism or anothex* depends on the nature of the pha^ses 
and the amount of liquid present* T'ig • IV 24 shows a 
hypothetical densification curve for these three stages o:! 
liquid phase sintering* An important condition for the 
occurrence of solution and precipitation- wel’ 1 a.-i "A.*: 

regrouping pro cess ; if?? the penetration of the liquid 
between the grains* The extent to which the liquid enters 
the joints between the particles depends on the dihedra?, 
angle formed by the j.iquid phase at the bcunda^xy .c.th 
grains of the solid phase ( Fig* IV« 25)4 



Pig. ly. 24 


Hypothetical densificati on curve for 
liquid phase sintering. 






[f » h 


o 






Pig. IV. 25 


• 5 , ' 

Dihedral angle formed by the liquid 
phase at the grain boundary. 


t r 


f c s iy 


'4 - 








wheP. is zero or near zero penetration of the liq.uid phase 
between the grain faces occixrs spreading the liquid over the 
surface of the grains. 


Particle rearrangement; On initial formation of the liquid 
phase on melting, capillary pressure will tend to rearrange 
the solid particles in such a way as to give maximum pack- 
ing and a minimum resultant pore surface. The process 
occurs very rapidly and is the principal reason for 
densificati on. With a sufficient quantity of liquid phase 
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the theoretical density can be attained as the result of th 
rearranging process alon?. According to Kingery's 
calculations (2l) , if the solid phase particles are 

spherical then the minimum quantity of liquid phase, 
required for complete densif icati on is 35 Vol?^. The 
degree of densif icati on decreases at smaller quantities. 

In this case, other sintering processes are necessary for 
complete densif ication. 

2. Solution and precipitation; 

As mentioned earlier a limited solubility of 
solid .in the liquid phase is necessary for this mechanism 
to occur. This stage leads to densi fication but at a 
slower rate than in the first stage. 

According to Prince -Smitt ells -William (22) 
theory during solution-precipitation stage smaller 
particles will go into solution and precipitate on larger 
particle® there by leading to densification. The solu- 
bility of a substance increases with decreasing radixis of 
curvature of the particles. For spherical sxat faces 






where C/Co is the ratio of the solubility of fine parti-- 
cles with a radius r and large particles with a radius 
r — > oo (solubility of a substance with plame interfaces). 

6^ , is the specific free surface energy at the solid- 
o 't- 

liquid interface, Vo is the molor volume, R is the gas 
constant, and T . i;^ absolute temperature. 

Thus, the fine particles are gradually reduced 
in size during sintering and dissolve in the liquid phase « 
while at the same time^ due to the lower solubility of the 
large particles, an excess of the substance in solution is 
reprecipitated on the large particles, there by still 
further increasing their size. The growth of the large 
particles continues until all the fine particles disappear 
and the structure becomes relatively uniform. In systems 
in which the solution and precipitation mechanisms is 
dominant the amount of liquid phase also affects the grain 
growth, 

3# Coalescence process: 

It is to be expected that during the sintering 
process a certain number of grains will be oriented such 
that the grain boundary energy is smaller than twice the 
solid-liquid interface energy ( CTI' c- < 2 ^ , 


) 



and consequently , liquid will not penetrate completely 
between the grains. In this case, along a line between 
grain centers the material will all be solid and in order 
for densif ication to take place, material must be transfer- 
red with in the solid phase. Consequen tly , rapid densif i-^ 
cation corresponding to liquid phase processes are stopped, 
and densif i cation rate should decrease to that observed 
for solid particles under similar conditions. 

liquid phase sintering results in the formation 
of characteristic structures consisting of evenly distri- 
buted grains of solid phase in a matrix of the crystallized 
liquid phase. Particles of different shape may be formed. 

If the surface tension vat the interface between different 
crystallographic planes of the solid particles and the 
liquid phase is approximately identical then the particles 
have rounded shapes. If, however, the surface tension at 
the interface differs substantially for different 
crystallographic planes, then grains of prismatic shape are 
formed. In the systems forming spherical particles 
considerable grain growth occurs during sintering. While 
the grain growth is less in systems forming prismatic 
grains , a higher density is attained with comparatively 
small amoimts of liquid phase. 



79 


In general it can be said tbat (l) an 
appreciable amount of liquid ( 2 ) a limited solubility of 
the solid ( 3 ) complete westing are the necessary require- 
ments for complete densif ication* 

In the present work, the usability of the 
bismuth borate glass 3,s an additive for the liquid phase 
sintering of B<a Ti 0^ can be seen from the following 
observations : 

( 1 ) X-^ray diffraction studies of the liquid phase 

sintered samples, showed that the glass reacts with Ba Ti 0- 

5 

forming Ba Bi^ Ti^ 0^^ indicating a limited solubility of 
the solid in the liquid phase. 

(ii) Micro structural observation of these samples 

shows complete wetting of Ba Ti 0^ grains with glass^ 

In the present work sintering process was 
- 4 »-tradied by volume shrinkage measurements during sintering, 
supplemented by weight loss measurements. Thermal analysis, 
density measurements. Micro structural observation and grain 
size measxrrements and X-^ray diffraction studies* 

Volume shrinkage measurements were made on 10?^ 
and 20?^ glass samples sintered at different temperatures and 
times. These results are plotted in Big, IV. 26 and 27. 



80 * 


Pig, IV, 2 6 shows volume shrinkage for the samples 
with lOfo glass addition sintered at different temperatures 
and times. Prom this figure it can be observed that at 1 1 
and 1150°C most of tho densif icati on is taking place with in 
the first 10 min. and afterwords there is very little increase 
in density with increasing sintering time from 10 min. to 2h. 
At 1050°C| also it can be observed that most of the densifi-^ 
cation is taking place with in first 10 min. but here there 
is gradual increase in density with sintering times from lOmin, 
to 2h^ whereas at lOOO^C such a sharx&rise in density was not 
observed. Here the density Is increasing gradually with 
increasing sintering time. 

As described previously there are three stages 
in liquid phase sintering (i) Particle rearrangement (ii ) 
solution precipation and (iii) coalescence. These three 
stages can be clearly observed in the densif ication curve 
at 1050°C. The large densif ication observed dinring the 
initial stages ( first 10 min.) must be due to the particle 
rearrangement process by liquid flow. The increase in 
densif ieation with increase in sintering time from 10 min. to 
1h can be attributed to the solution and precipitation stage. 
After 1h the little increase in densif icati on with increase 
in sintering time indicates that the third stage i.e. coales-^ 
oence process is acting between t and2ht 



Volume shrinkage, % 



Sintering time, hr 


Fig. Volur^e shrinkage vs sintering time for 

BaTiOj with 10 % glass addition at 
different sintering temperatures. 
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The -^-heence o!f the sharp increase in densiTi- 

cation in the initial stages at lOOO^C indicates that the 

particle rearrangement stage is not prominent here* It 

may be due to the higher T'lacoBity o£ the glass at this 

temperature. X-ray diffraction stiodies on Ba Ti 0^ and 

glass mixture indicates that the glass is reacting with 

Ba Ti forming Ba Bi. Ti 0. ^ at as low a temperature 

4 4 I p 

as 72 5^0* It indicates the solution of Ba Ti 0^ in the 
liquid phase* So the gradual increase in densif ication 
observed at 1000^0 may be due to the solution and pre- 
cipitation process* 

Again at 1100 and 1150^0 the viscosity of the 
glass must be sufficiently lowj, facilitating particle 
rearrangement process as can be seen in the figure* 

Because of this easy flow of the liquid at 
these temperatures most of the densificati on is inking 
place by particle rearrangement process and solution and 
precipitation stage is not so prominent, though this must 
also be present to some extent* 

Volume shrinkage plots for 20?^ and 10^ glass 
samples sintered at 1000 and 1100^0 for l/6, 1/2, 1 and 2h* 
are compared in Pig- IV *27# Ibe valume shrinkage curves 
with 20?^ glass also shows similar trend as with 10^ glass 
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indicating that the same mechanisms are applicable here 
also. It can be observed from this figure that at 1000°C 
the densif ication is slightly more with 20fo glass addition 
than with ^Ofo glass. It was mentioned earlier that at 
1000°C the major mechanism causing densif ication is 
solution and precipitation process, rather than particle 
rearrangement process. So it can be expected that the 
densif ication will be more with higher glass addition as 
the solution of the solid will increase with increasing 
liquid phase. This figure also shows that at 1100°C the 
densif i cation was more with 10^ glass addition than wi.th 
.20‘^ glass addition. At this temperature most of the 
densif i cation is taking by particle rearrangement process 
because of the easy flow of liquid. Actually the viscocity 
'■ '.his temperat-ure must be too low as it is observed that 
some of the glass is oozing out from the pellet, particu- 
larly with higher glass additions like 20 and 30fo, This 
may be reason for these 20?^ samples showing lower volume 
shrinkage than ^Ofo samples at 1100°C. 

Microstructural observation of the liquid phase 
sintered sample show© that the glass is distributing 
uniformly ar tiund the grai.ns indicating complete wetting 
of the grains. Grain size measurements made on the 10^ 
glass sample sintered t 1000 and 1100°C for l/6, l/2, 1 
and 2h shows that at lOOOoC there is a considerable grain 
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gx*ow"tli from l/6 fo 2h ( 1 ^ ^nm fo 20yum ), where as a-fc 
1100^0 the grain growth from l/6 to 2h was less (l9^um 
to 21 yum) ^ Considering the initial particle size of 
Ba Ti 0^ used ( 1 3 ), it can be observed that at IIOO^o 
also there is a considerable grain growth taking place 
with in the first lOmin. It indicates that at 1100^0 
even though particle rearrangement stage is predominant 
due to the easy flow of the liquid, solution precipita- 
tion stage is alvso acting at this temperature, where as 
at lOOO^C it can clearly be observed that the major 
mechanism causing densifi cation is solution and precipi- 
tation process^ 



IV. 7 
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Dielectri c Measure men ts : 


IV * 7 » 1 Temperature dependence of dielectric 

properti es > 


Dielectric properties ( dielectric constant and 
dissipation factor) were measured as a function of tempera- 
ture for the liquid phase sintered Ba Ti 0^ samples to 
observe i) the effect of glass addition and ii ) the effect 
of sintering temperature and time. 


All the dielectric constant vmlues reported were 
corrected for porosity using the relation given by '^ushman 
and Strivens ( 23 ) 


K 

where V 

K 

K 


K ^ ^ 

2(l-V) 

Volume fraction of pores. 

Dielectric constant measirred with, porosity. 
Dielectric constant corrected for porosity. 


t i ) Effect of glass addition; 


Pigs. IV 28 and 29 sh.ow the effect of glass addition 
on dielectric properties. Pig. IV,28shows the dielectric 
constant as a function of tempemture for the samples with 
0.4, 2 , 10, 20 and 30 wt pet glass addition. All these 
samples were sintered at 1100°C for 1h. except the 30^ 
sample which was sintered for 2h. It can be observed from 
this figure that the curie temperature was almost constant 



Dielectric constant € 



Pig Temperature cJepeh^ence of dielectric constc 
for the sampled with different 9lass additic 


ec 



Fig . -S3 Variation of dielectric constant with glass 

Gcich' I i on . 
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at 120^0 for all these samples within the experimental 
error ( + 2^C). This indicates that there is no change in 
the basic Ba Ti 0^ structure due to liquid phase sintering 
with bismuth borate glass. This was also confirmed through 
X«-ray diffraction studies^ which show no shift of X-ray 
diffraction, reflections. Th© dielectric constant at room 
temperature for 0.4», 2, 10 and 20^ glass samples (1800—1300) 
are comparable with that of Ba Ti 0^ ( 1500-2000) but the 

peak value is reduced from 6000-10000 for pure Ba Ti 0^ to 
2000 - 3000 for liquid phase sintered Ba Ti 0^ samples. It 
can also be observed from this figure that the dielectric 
constant is decreasing with incr^aasing glass content. These 
data are plotted separately in Big% IV,29j. which shows the 
variation of room temperature dielectric constant and 
maximum dielectric constant with glass content* This figure 
shows that the dielectric constant decreases with increasing 
glass content from 0.4 to 30^. This decrease ±q gradual 
from 0*4 to 10^* and there is very little decrease in 
dielectric constant with increase in glass content from 10-20^ 
and afterwords ±t is decreasing very steeply between 20 
and 30fo glass ( to about 570 )• 

Since the bismuth borate glass employed in liquid 
phase sintering has very low dielectric constant (/u50) 

(as given in section III 1 *.5 ) compared to that of Ba Ti 0^ 
it is expected that the dielectric constant should decrease 
Qonsidorcably with increasing glass content* However a large 
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decrease in the room temperature dielectric constant was 
not observed till 20 a> glass. Through X-ray diffraction 
studies it is confirmed that the glass reacts with Ba Ti 0^ 
at about 725°C forming Ba Bi^^ Ti^ 0^^ which is also a 
ferroelectric material with a dielectric constant of 
( ^ 25 ~ 150 and ^ max — I 650 ) ^ 4 ). It is also observed 
through X,- ray diffraction studied that the formation of 
Ba Bi^Ti^ 0^^ continues till 900°C and afterwords it is 
decomposing forming a glassy phase and 12 Bi^O^ , 3 ^^ 0 ^. 
Miorostructure observation of the liquid phase sintered 
samples with 0,4 — 30 ?^ glass showed that a glass is dis- 
tributed uniformly around each grain as a coating over the 
grain and also the amount of glassy phase increases with 
increasing glass content, (xrain growth was also observed 
with increasing glass content. So we can consider the 
whole sintered body as a composite consisting of Ba Tl 0^ 
grains uniformly coated with layers of Ba Bi^ Ti^O^^ and 
Big 0 ^ . Bg 0 ^ glass giving it a 3-0 connectivity ( 25 ) , 

That is, the boundary layers are connected to each other in 
3- dimensions and the Ba Ti 0^ grains are separated from 
each other by the©e boundary layers. So the dielectric 
constant of this composite will depend on the volume 
fraction of the second phase (s) and also on its dielectric 


constant 



Three important results emerged from this study; 
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i) Wi'th— in "the experimental error the Curie temperature 

remains constant at 120°C irrespective of the amount 

of the glass added, varying from 0,4 to 30 wt pet. 

This clearly indicates that none of the constituents ^ 

of the glass entered the Ba Ti 0^ lattice. This is 

in conf irmitilAity with the X-.ray diffraction results, j- 

ii ) The room temperature dielectric constant decreases 

with increasing amount of glass.' Iji order to 

account for it one may consider the present materials 

as two phase mixtures of Ea Ti 0^ with a room 

3 

temperature dielectric constant of 2000 and bismuth 
borate glass with a room temperatvire dielectric 
const<a.nt of about 50 , The dielectric constant of 

the composite could be computed assuming series 
parallel arrangement of the two phase or by 
logarithermic mixing rule. The concepts have been 
recently reviev^ed byp ayne and c^^oss ( 26 ) who give 
the following formulae for those three mixing rules: 


a ) parallel mixing : K =■ + V 2 ^ 


b) series Mixing ; 1 

K 


V. 


V. 






c) mixing: log K ^■'^i ^^i 


whore K is the average dielectric constant, V. and V 

I ^ 

the two volume frcs^^c^ions such that V + V_ a* 




are 


1 and' 
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iscr the abovo obtained on reheaiji 3 rig ocf hot 

Ba Ti 0^ oeramio^ XhxB may be due to the fact that 
th<2r -temp o « otDpXoyed nn the pa^esent study are 

att>^-tl-3r ?t>0O t<? TtOO^G^ naeascn f-ooc? thdL^> betei^iour may 

be the fat>t. tbeH; ±he js^±bo dr^ee not increase from its 

^aaitiaX 3y^alue ( 13 y'Uin) even by a factor cf 2 under the 

aintering conditions employed in the present study. On the 
other hand in conventional einterin^g of Ba Ti 0^ cea^amice- 
considercable g^ain growth takes place which leads to a 
prominent dielectrio peak at the curie temperature. This 
line of reasoning i« supported by the observation that a 
higher sintering temperature or a longer sintering time 
invar iOvbly lead to a higher dielectric constant at the .-.1- 
curie temperature than the values corr esponding to a lower 
temperature or shorter sintering time. 
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Table IV .1 1 Comparison of Observed dielectric constants 


glass 

and 

calculated values xxslxip: 

mixed rules, 


Vol^ 

Glass 

VoVfo 

BaTiO^ 

Dielectric Constant (k) 


Experi- 

mental 

Logari- 
th. mic 
mix irtg 

Parallel 
mixing , 

Series 
Miadng . 

0 

0 

0 

gooo ' 

2000 

2000 

2000 

0.4 

0.3 

99.7 

1848 

1 925 

1 994 

1800 

2 

1 .5 

98,5 

t 611 

1850 

1 970 

1286 

10 

7.67 

92.33 

1453 

1475 

1851 

521 

20 

15.75 

84.25 

1325 

1 1 00 

1693 

2 93 

30 

24.27 

75.73 

571 

820 

1527 

200 

IV. 7*1 *2 

Effect of sintering temperature and time: 



Pigs. IV, 31-^5 show the effect of sintering temperature 
and time on dielectric properties. These results are 
briefly summerlsed in Table ml zj'F xg. , IV.3lshows the 

dielectric properties of the samp l€fe with 20?^ glass sintered 
at 1000°C for l/2, 1 and 3 h. This figure shows that the 
dielectric constant values are sli^tly more for the 
samples sintered for 3 h, while they are very close for 
the samples sintered for l/2 and 1 h. The dielectric losses 
for all these samples are less than till 120°C and after- 

wards they increase sharply upto ifo at 180°C. Pig. IV 52 shows 



20 40 60 80 100 120 140 160 180 200 

Temperature , °C 

Fig. Tv 3i - Relative dielectric constant vs temperature for the 
samples with 20 % glass addition sintered qt 1000 
for different times* 






Dielectric constant er x 10 


Sintering time 
o • 1 hr 

A A 30 min 



20 40 60 80 100 


Temperature / C 

Fig. Tv -3^"* Relative dielectric GOD$taht vs temperature for tt 
samples with 20 % gloss ddditjon sintered at 1100 
for different times . 
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Fig. ^33 - Relative dielectric constant vs tempeTature for the samples with 
10 ®/o glass addition sintered at 100D ®C for different times . 
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Table IV. 12: 


Variation of dielectric constant with, glass 
addition, sintering temperature and time. 


Sinter- 

Sinter- 


Density 

€ at 


: ample ing 

oc 

Temp . 

ing 

Time 


g/ CO 

r 

RT 

max 

BaTiO^ with 

1000 

1/2 h 

4. 66 

( 77 . 4 ) 

801 

11 92 

20 fo glass 


1 h 

5.02 

(83.4) 

812 

11 68 

addition' 1 3 /um 
BaTi 03 1 


3 h 

5.16 

(85.7) 

867 

1253 

glass ' 

1 1 00 

1 Omin. 

1/2 h 

1 h 

5.10 
5.15 
5. 18 

(84.7) 

(85.5) 

( 86 . 0 ) 

1119 

1539 

1325 

1634 
2332 
21 65 

BaTi 03 with 

1000 

1 0 min 

4.78 

( 79 . 4 ) 

942 

1508 

1 <yfo glass 


1/2 h 

4.87 

(80. 9 ) 

1132 

1462 

addition 1 3 /um 


1 h 

5.03 

(83.6) 

1 1 36 

1558 

BaTiOj 1 7 /uta 
glass 


2 h 

5.26 

(87.4) 

1-1 68 

1827 


1100 

1 0 min 

1/2 h 

1 h 

2 h 

5.06 

5.24 

5.25 
5.27 

(84,1 ) 
(87.0) 
(87.2 ) 
(87.5) 

1113 

1300 

1453 

2119 

1414 

1 942 

2495 

2914 

BaTiO^ wifh 

1 050 

1 0 min 

5.20 

( 86 . 4 ) 

1479 

2204 

1 <yfo glass 


1/2 h 

5.32 

( 88 . 4 ) 

1439 

2219 

addition 5 /um 
BaTi 03 4 ,um 
glass ' 


1 h 

5.40 

(89.7) 

1529 

22 64 


2 h 

5.37 

(89.2) 

1 699 

2459 
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the dielectric properties of the 20 ^ samples sintered at 
1 1 00® C for l/ 6 , 1/2 and 1h. This figure shows that the 
diielectrio constant values are more for the sanples sintered 
for 10 min. and 1 h. and least for the sa-mples sintered for 
1/2 h. Here also it can be observed that the dielectric 
losses for all the samples were less than till 120°C and 
afterwords they are increasing sharply upto 9 ^ and 'jfo for 
1/2 and 1h. samples. The losses were minimum (4^) at 180°C 
for 10 min, sample. 

Pig, I\r, shows the dielecttio properties of the samples 

wiftln 10^ glass sintered at 1000 and 1100°C for 1 / 6 , I/ 2 , 1 

and 2h. In both the cases it can be observed that the 

dielectric constant is increasing with increasing sintering 

time from 1/6 to 2 h. at a particular sintering temperature. 

It can also be observed that the dielectric losses are more 

for the samples sintered at 2h than at 1 / 6 . At both the 

temperatures the maximum losses till 200°C are less than 9?^. 

Pol* all the samples discussed above the initial particle 

size of Ba Ti 0^ and glass are nearly 13 ^rnd 17 ^um 

3*5 

respectively. Pig* IV y, 'shows the dielectric properties of 
the samples with 105^ glass sintered at IO 5 OOC for 1 / 6 , ^/2, 

1 and 2h, Here the particle size of Ba Ti 0^ and glass are 
Sy'um and 4 yum respectively. These samples also show that 
the dielectric constant is increasing with increasing 
sintering time, though the values are very close for 10 min. 
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l/2h ''.nd 1h sintered samples. It can also "be observed that 
the dielectric constant values for these samples are mor^ 
compared to those values for the samples containing coarser 
Ba Ti 0^ sintered at 1000 and 1100°C ( Table IV, t2) 

It was mentioned earlier that this liquid phase 

sintered body can be considered as a composite consisting 

of Ba Ti 0^ grains coated uniformly with Ba Bi^ Ti^ 0^^ Q-nd 

a glassy phase giving it a 3—0 connectivity. Through the 

X-ray diffraction studies ( section IV . 4 ) it is observed 

that the Ba Bi . Ti 0 is decomposing at higher temperatures 

4 13 

there by reducing its amount as the temperature increases 

from 1000 - 1100°C, and also at a particular temperature 

the amount of Ba Bi^ Ti^ 0^^ is decreasing with increasing 

sintering time Fig. IV .2 3. Micro structure s of the 10?^ 

gl.ass samples sintered at 1000 and 1100°C also showodj, 

that the amount of glass portion around the grain boundries 

is increasing with increasing sintering temperature and also 

at a particular sintering temperature it is increasing with 

sintering time. The grain size was also found to be 

increasing wi'’li siiitoxlng t omp'-n ture and time , This ns-j' 

be due to the decomposition of Ba Bi^ Ti^ forming glass 

and Ba Ti O^, there by increasing fraction of r* 

Ba Ti 0„. So at a particular temperature with increasing 

3 

ni rtorir)'-' time the volume fraction of Ba Ti 0^ and the 
amount of glass around the grain is increasing. This 
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increase in the volume of Ba li 0^ mv.y be the reason for 

the samples showing more dielectric constant at higher 

sintering times. The same reasoning also can be applied 

for higher dielectric constants at 1100°C than at lOOO^C, 
t 

The trend observed in the dielectric losses, that is 
increasing losses with increasing sintering time may be due 
to the increase in the amotant of glassy phase around the 
grains. As seen from Table III resistivity of the 

bismuth borate glass employed in liquid phase sintering 
decreases with increasing temperature from 130-250^0 by 
nearly three orders of magnitude. That is, the conductivity 
of these glasses is increasing at higher temperatures 
causing more dielectric losses. Hirayama and Subbarao$2 ) 
give the dissipation factor for this glass as 0.01 at 130^0 
increasing to 0.14 at 230^0, So the increase in dielectric 
losses at higher temperatures for the liquid phase sintered 
samples can be accounted for by the increase in dielectric 
loss of the glass with temperature. 

So from these measurements of and tan with 
sintering temperature and time, it can be said that the 
interaction between the glass and Ba Ti 0^ at the 
temperatures ( 1000 ^ IIOO^C) and the degree to which the 
reaction can proceed may be partially responsible for the 
attainment of various levels of electrical characteristics. 
To detect the presence of ferroelectric Ba Ti^^ 0^^ in 
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the liquid pho-se sintered samples, temperature dependence 
of dielectric properties were measured upto 420°C since 
Ba Bi^ ^^4 15 ^ curie point at 395°C (i4' ) . These 

measurements wore done on two 20?u samples sintered at 1000°C 
for’ih and 3 h. These results are shown in Pig. IV.3fc It 
shows a little peak at about 395® C for these two samples. 
Since the dielectric losses are increasing very high (60-70?^) 

at these temperatures, measiu’ements become difficult and 
clear indication of Ba Bi^ Ti^ 0^^ peak could not 'be 
identified* But these measurements show the presence of 
Ba Bi^ ^^4 ^1 5 which suppcrtsthe X-ray diffraction results. 

Voltage dependence of dielectric properties: 

Dielectric constant and tan ^ wore measured on a 10^ 
glass sample sintered at l05%ocPo^ 2h. with increasing and 
decreasing D.C, bias. Measurements were made upto lOOV/mil 
( 40 ZV/cm) and no break-down was observed. These results 

are plotted in Pig. IV .^yandj^lPig . IV 37shows the percent 
change in permittivity with increasing and decreasing d.c. 
bias. This PigU'.^ shows 29f° decrease in permittivity at 
lOOV/mil. 

In Pig. IV, 36 change in permittivity with D.C. bias '5-': 
is compared for liquid phase sintered Ba Ti 0^ of the ' | 

present sudy with that of Ba Ti 0^ (SB) and glass bonded i 

Ba Ti 0^ (l ) . The figure show a similar behaviour for 

all these samples, but the decrease in permittivity at - ' ^ ■; 




Sample BaTi 03 + 10% glass 
sintered at 1050°C/2 



creasing bias 
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100 V/mil w'^3 29’fo for liquid ph'iso sin-^-:ered Brv li 0- ard 

'3 

36/^' for Ba Ti 0^« The glass bonded Ba li 0^ is in 
between those two. 

IV. 7. 3 Frequency depcndonce of dielectric properties; 

Dielectric constant and tan d were measured with 
respect to frequency on a 10/^ sample sintered at 1050°C/lh. 
These measurements were made at two tempe rr.tT’res narrel^y 
room temperature (37°C) and 80°C and are showain Fig, IV, 39 
This figure shows a dispersion at about 300 FiS at room 
temperature and this dispersion frequency was shif('ing to 
1 ZHa at 80°C. Very large change in the dis$5 jsjf tian 
factor was observed with increasing frequency, for example 
it is changing from 0.3 at 100 Hz to 0-00038 at 100 KHz- 




Log frequency (Hz) : > 

cy dependence of dielectric constant for liquid phase sintered 
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CQNCLUSIOMB AND EJBCOBIM^ITDATIOHS 

Sintering temperature of Ba Ti 0^ has been 
reduced from the usual 1350°C to 1050°C by liquid phase 
sintering of Ba Ti 0^ using a bismuth borate glass upto 
to to 20 wt percent. 

Sintering time also has been reduced consider- 
ably without effecting the densification, A total heating 
cycle of approximately 6h consisting of 2h 30min, heating^ 
10 min, to 2h soaking and finally a 2h cooling are foimd 
to be enough for sintering. 

This reduction in the sintering temperature and 
time brings about enej^gy savings and also reduces the 
cost of the multilayer capacitors by replacing the costlier 
Pd and Pt electrodes with a relatively cheaper 70 Ag-30Pd 
alloy. 

Both particle rearrangement and solution 
parecipitation processes are found to be the major mechani- 
sms causing densification, however the predominance of 
one over the other depends upon the sintering conditions* 

Dielectric cono'tixnts. of the liquid phase 
sintered Ba Ti 0^ samples with 10 and 20 wt?^ glass 
( 1453 and 1325 ) are not considerably decreased from that 
of pure Ba Ti 0^ ( 1500 - 2000 ). 


However there is a 
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marked decrease in peak valuG from 6000 - 10000 for 
pure Ba Ti 0^ -fco 2000 - 3000 for liquid phase sinfered 
samples showin;^ a less sensitivity with tempe ratixr e. 
Response with d.o. bias c'-t these samples seems to be 
slightly better than that of pure Ba Ti 0^ samples. 

Prom the observations got during this study 
the following recommendations can be made which are 
worth considering. 

i) Effect of particle size has been studied in 
the present work but to a very limited extent. The 
particle size being an important p^rametor, the 
effect of that should be studied further particularly 
with lower particle sizes of Ba Ti 0^. 

(ii) Detailed study on 20% samples should be done 
similhr to that was done on 10% samples, because 

this glass range was found to be suitable for sinte r- 
ing at 1000 to 1100°C, 

(iii) Frequency response as a function of tempera- 
ture should be studied t;i.oa:*oti,^ly'.j.(., \ ; 1. 0-v., 
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VI. APPENDIX - A 

CHEMICAL .^NtlLYSrS 

Chemical analysis of trhe glass used for liquid 
phase sintering, barium titanate and the liquid phase 
sintered barium titanate are undertaken. In the case of 
barium titanate, materials ground in an alumina jar with 
alumina balls to various particle sizes were also analysed 
to estimate the pick up of impurities during grinding. Ihe 
procedure for the method for the preparations of the above 
substances was given in (l ). 

1 Analysis of Glass: 

A weighed quantity of the powdered glass was heated 
with the minimum quantity of concentrated nitric acid. The 
solution was diluted, boiled, cooled and nade up to a known 
volume , 

VIv 1«1 Determination of Bismuth: 

Complexome tri c method was o.dopted for the determin- 
ation of Bi . Reagents used: Pyrocatechol violet. 0.1 
solution in water, ammonia solution -0,5 M, BDTA - 0.01 M 
and pH indicator paper. 

A known volume of the glass solution (20-40 mg of 
Bi ) was pipetted out into a clean conical flask. The 
solution was diluted to about 100-1 50 ml and 3 to 4 drops of 
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the indicator solution were added. Dilute ammonia was 
added in drops until the violet colour changed to blue. The 
pH was checked with indicator paper to see that it was 
about 2. This was titrated against 0.01 M. EDTA until the 
colour changed to yellow. 

If the amount of Bi is large an appreciable 
amount of hydrogen ions is released during the titration. 
Therefore the pH is checked during tho titration either by 
indicator paper or by observing the colour of the bismuth- 
indicator complex. 

Calculation: 1 ml of 0.01 M. EDTn corresponds 
to 2,09 mg of Bi, Prom the value obtained for Bi , the amovint 
of Bi^D^ was calculated. 

IV, 1,2 De terminati on of Aluminium; 

Aluminium also was analysed complexome tri cally . 

( 3) 

Titration procedure was the same as done by Bharga-^s. , 

Reagents used: EDTA - 0.01 M, xylenol organge 
0 . 1 ^, sodium hydroxide solution - 10$^ and 1%, zinc solution- 
0.01 M, ammonium fluoride - 10^ and acetate buffer - 1 36 g 
of sodium acetate trihydrate is dissolved in about 600ml 
water, 7 ml of glacial acetic acid is added and diluted 
to 1,1. 

A known volume of the solution was pipetted out 
in a be'iker and treated with excess of EDTA. Por pH was 
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adjusted to 4 using a pH meter by drop 'ise addition of 10';!s 
sodium hydroxide solution till the pH reached 2, 5 and then 
of 1 /i sodium hydroxide. The solution was diluted with water 
covered, boiled and kept boiling for 10 minutes. The soluble 
was cooled, added 7 drops of xylenol orange and 1 5 ml of 
acetate buffer. This mixture was titrated with zinc to pink- 
colour. 10 ml of ammoniiim fluoride i'10%) was added, boiled 
gently for 10 minutes, cooled and titrated against zinc. 

Calcutation: 1 ml of 0.01 M zinc corresponds to 

0.27 mg of Al. Prom the -value obtained for Al, the amoimt 

of ii.l»0_ was calculated. 

2 5 

. tc 1.3 Determination of Bonon; 

B-0™ was fo\md out by difference. Results of 
2 3 [ ; 

analysis are given in Table 1 , 
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